DEVELOPMENT  OF  METHODOLOGY  FOR  H!OETWAY  AGENCIES  TO  FOLLOW  IN 
ESTABLISHING  OPTIMUM  ACCEPTANCE  PLANS 
FOR  PAVEMENTS 


YVES  JOSEPH  ANCLADE 


A DISSERTATION  PRESENTED  TO  THE  GRADUATE  SCHOOL 
OF  THE  UNIVERSITY  OF  FLORIDA  IN  PARTIAL  FULFILLMENT 
OF  THE  REQUIREMENTS  FOR  THE  DEGREE  OF 
DOCTOR  OF  PHILOSOPHY 


UNIVERSITY  OF  FLORIDA 


dedicated  I 


ACKNOWLEDGEMENTS 


: Tagoras,  Profcs 


crucial  to  my  research.  I must  thank  three  students  for  their  tremendous  help  in  checking 
the  technical  tDBtertel,  they  are:  Omar  de  La  Cruz,  PhD.  candidate,  department  of 
mathematics;  Mohfoiid  Ziad.  Pb.D.  student,  department  of  atatlsdcs;  Chen  Ping  Wang, 


TABLE  OF  CONTENTS 


ACKNOWLEDGEMENTS. 


LISTOFTABLES 

LIST  OF  FIGURES  

KEY  TO  SYMBOLS  

ABSTRACT 

CHAPTER  1 

PROBLEM  STATEMENT  AND  RESEARCH  OBJECTIVES  . 

UProblemSlaleraeol 

UResesrehObjKCives 

1.4  Research  Appibach 


APPENDIX  A.  MATHEMATICAL  SOLUTIONS — 

APPENDIX  B.  NOTES  ON  PARAMETER  AND  TOLERANCE  DESIGN..,, 

APPENDIX  C.  CONCRETE  COMPRESSIVE  STRENOTH  DATA 

REFERENCES - 

SUPPLEMENTAL  REFERENCES 

BIOGRAPHICAL  SKETCH .. 


4.13:  Estimation  of  Percent  Defective  iviihQI=0.37*0Ji 
4.14:  Estimetion  of  Percent  Defective  with  Q1"1. 00-1.15 
4.15;  Estirnalion  of  Percent  Defective  with  QI=l.S3*1.6l 
4.16:  Estimetion  ofPcpceiu  Defective  with  QI=2.06-232 
4, 1 7;  Estiinalion  of  Percent  Defective  with  Ql*2.60-2.75 
4.18:  Esiimation  of  Percent  Defective  with  Ql»2. 80-2.95 


LIST  OF  FIGURES 


4.16;  Response  of  ih«  Optimum  Sampling  Model  lo  Seositivli}  Anil>sls 

Criterie:  one  sided  Ptobebility  of  Aoccpuince  ol  U(n)>  34g.6and  U(n)>400-I78 


4. 1 7:  RciponK  of  the  Opiimiiin  Sempling  Model  to  Scnsifivity  Anolysls 

Ctiuria:  ooe-sided  ETCI  Values  at  U<r)'348.6  and  U(nHOO 

4.18:  Response  of  the  Opiimun  Sampling  Model  to  Sensillvlt;  Analysis 

Criieria:  tum^ded  PiobabilUy  of  Acoeplanceai  Utr)=348.6andU(n)=400  _I80 


5.2:  PRS  ProMdures  for  Eslimolion  of  As-Constnicled  I 

5.3:  Proposed  Procedures  for  EsdjzmlJoD  ofAs.Designed 


KEY  TO  SYMBOLS 


i&OreeVSvnibolii 

Target  value  of  the  variable  quality  characteristic  to  be  couirulled 
Deviatiau  of  the  quality  characteristic  of  an  individual  unit  Boin  the  target 

Devtadon  of  the  mean  of  the  quality  characteristic  iu  a given  inspection  lot 

Variance  of  at  in  a given  inspection  lot 
Number  of  uitits  coutained  In  a given  lot 
Sample  sure 

Cumulative  standard  normal  function 
Consumer's  risV 
Producer’s  risk 


Lotveracceptance  limit  for  x 


Upper  acceptance  limit  for  x 

Probability  denriry  function  of  X,  given  that  the  deviation  of  the  mean  of 


inspeaion  lot  from  is 


that  the  deviation  of  the  mean  of 


Cl  ConslanI  coal  of  preparing  the  inspectioo 

c Variable  sampling  end  inspeciicm  cost  per  unit 

C,  Rejeclion  cost  per  unit 

Independent  ofp 


SXll'SIS-.. 


operating  cbencKiistics  curves  are  used  to  evaluate  the  risk  assoeiaied  with 
optimum  sample  size  derived  Irom  the  matheiuaticai-siBiistical  cost  model.  As  part  of  the 
eoniprehensive  frametvorit.  significant  attendoo  is  given  to  the  development  of  guidelines 
for  the  evaluation  of  quality  characteristics  and  tolerances  using  Gemchi  Taguchi 
methods. 

Finally,  a pay  adjustment  method  based  on  the  quadratic  loss  function  is 
developed  to  compertsaie  for  loss  in  quality  resulting  from  the  product's  failure  to  meet 
the  target  design  value. 

To  illustrate  this  approach,  estimated  sampling  cost  and  life  cycle  cost  of 


the  eicample.  Boundary  conditions  are  formulated  and  used  to  perform  a sensitivity 


models  is  also  provided. 


CHAPTER  I 

PROBLEM  STATEMENT  AND  RESEARCH  OBJECTCVES 


bridge  in  toTTDs  ofii5  lifecycle  cosie  ensures  nn  avcmil  economy  and  not  the  economy  of 

impact  on  ovenlt  life  cycle  costs  results  from  the  design  decisions  made  at  the  early 
singes  of  product  desiga.  For  eaiunple.  the  rnsrerial  specifications  or  alJocatlon  of 


In  December  of  1991,  U,S.  Congress  enacicd  a landmark  surface  transportation 
legislation,  the  Imermodal  Surface  Tnuisportation  Efficiency  Act  (ISTEA).  It  reaHimied 
the  LI.S.  Department  of  TranapoitatiOD'a  (USDOT)  comroitmeol  to  an  iniemiadnl 
trnnspoiution  system  by  protidlng  increased  funding  levels  and  program  flexibility. 
Recognialng  that  the  transporiution  decisions  dramatically  affect  the  couaiiy's  economy, 
global  competliiveoesB,  and  environment  as  ueU  as  the  quality  of  life  In.  the  ISTEA  was 

requirements  imposes  on  iransponsaiun  agencies  ihe  considerailcn  of  life  cycle  cost  in 


1.2  Problem  Snrieme 


of  a sound  method  of  comroiling  inherent  variations  in  the  construction  process  con  have 
disastrous  consequences  such  as  premature  deiertoraiion  of  products,  and  high  cost  of 


CuitcnUy,  most  iransponaiion  agencies,  includiag  FHWA,  use  siotistically  bescd 
quality  assurance  programs  U)  address  ihe  issue  of  product  conuoi  and  acceptance. 


arblijirily  selected.  For  example,  most  state  tntnsponaiiuii  agencies  employ  statistically 
based  acceptance  plans  that  call  for  i random  samples  to  be  tested  per  lot,  tbese  agencies 


tested.  A recently  developed  prototype  performance  related  sped  ficaiion  (FRS)  however 


estimate  the  quality  with  sufficient  confidence  to  enable  deleimination  oruccurate  end 
fair  pay  adjustment.  The  optimum  oiimber  of  samples  should  be  b^d  primarily  on  the 
cost  of  the  lest  to  be  perfotmed,  the  variability  of  the  quality  diaracieristic  being 
measured,  and  the  risk  that  state  highway  agencies  and  contractors  ate  wiUing  to  take. 
This  risk  involves  the  cost  of  inaidng  a wrong  acceptance  deciaion.  Wrong  acceptance 
decisions  mean  accepting  poor  quality  concrete,  rejecting  good  quality  concrete,  or 
assigning  a wrong  pay  adjustment  for  concrete  quality.  It  should  be  obvious  that  siace  the 
coats  of  vanous  tests  are  cU^eient,  and  the  variability  assnelated  with  different  quality 
characteristics  arc  diffarent.  the  optimum  number  of  samples  should  not  always  ben^5  or 
n=IO  for  the  same  assumed  risk. 

There  exists  a aecd  for  a convincing  method  of  analysis  defining  Ihc  most  cost- 
cQccdve,  or  optimum,  number  ofsamples  and  tests,  acceptance  limits,  and  the 
consequences  associated  with  an  assumed  risk. 

in  keeping  with  the  tradition  of  iransportation  agencies  to  give  priority  to 
providing  services  to  the  public,  the  proposed  research  will  develop  a much  needed 
methodology  to  assist  them  in  their  decision  making  process.  In  the  development  of  such 
a too],  three  key  iiems,  which  ere  considered  most  critical  ia  the  effort  to  remcdv  or 
greatly  improve  current  conditions,  are  highlighted;  optimum  sample  siae.  frequency  of 


minimizes  the  life  cycle  cost  ofpaven 


1.3  RwCTTch  Obieaivea 


and  more  economic  conotminU  flie  being  imposed  on  agencies  lo  do  more  wilh  less, 
fLinherJusli^nngtheneed  fora  method  capable  of  Improving  the  agencies'  ability  to 

implementation  of  the  proposed  methodology  underlie  the  objectives  of  this  project.  The 
resulting  report  should  benefit  not  only  the  state  of  Florida  but  the  Federal  Hightvay 


As  stated  previously,  the  objective  of  this  losearch  is  to  develop  a methodology  to 
be  employed  by  Imospoitstion  agencies  fur  designing  optimum  acceptence  plans  for 
povomems.  particularly  concrete  pavements.  Even  though  tbe  model  presented  in  Ihls 

very  general  in  its  range  of  application  to  other  materials  and  quality  eharacieristics.  The 
proposed  optimization  methodology  will  Incorporate  the  cost  effectiveness  ofaampUng 
and  the  as,sociated  sampling  frequencies  used  in  controlling  the  quality  of  pavement 
materials  as  related  lo  pavement  performance,  acceptance  limits,  and  risk  sssociated  with 


for  a particular  quality  characteristic,  its  variability,  tiad  its  relative  impact  oo  the  life 
cycle  ofpavemenL 

An  optimum  acceptance  sampling  cost  model  by  itself  can  only  be  of  limited  use 
to  transportation  agencies.  Its  fuil  effectiveness  is  only  achieved  insofar  as  all  other 


, the  oplimfoation  model  will  consider  the  cost  oficstiag 


aspects  of  the  product  are  optimized.  Hence,  a further  olt^eclive  of  this  research  is  to 
develop  a comprehensive  finnework  in  which  the  primary  objective  cao  produce  optimal 

The  comprehensive  frameworic  referenced  above  defirtas  an  integrated  approach 
where  all  the  elements  of  the  optimum  performance  orpavemeot  arc  planned  and 
analyzed  at  the  design  stage  while  focusing  on  their  interrelationshipst  that  Is,  optimal 
design,  tolerances,  maintenance  cost,  and  eceeptance  sampling.  The  iancr  constitutes  the 
bulk  of  (his  research. 

The  integrated  approach  allows  for  a product’s  life  cycle  cost  to  be  determined  in 
lerms  of  its  optimum  cost  per  hour,  day,  or  year  of  operation.  Life  cycle  cost  consists  of 
manufecuuing  cost,  internal  and  external  quality  cost,  and  operating  and  maintenance 
cost  during  the  life  of  the  product  These  three  components  of  the  life  cycle  cost  are 
strongly  influenced  by  not  only  the  parameters  of  the  product  design,  but  also  the 
lolcrartces  for  those  parameters  of  the  product  design. 

In  order  to  achieve  the  stated  objectives,  the  specific  tesks  outlined  below  were 
found  to  be  essential. 

1 . To  develop  a statislica]  arvd  mathematical  cost  model  to  determine  the  optimum 
sample  number  of  acceptance  samples; 

2.  To  develop  a method  for  establishing  tolerances  for  each  quality  characteristic  uoder 
con»deraiioni 

3.  To  incorporate  in  the  melhodology  a means  for  risk  analysis; 


rt^>ecl  10  life  c>xlo  decision  parojnelcis  and  active  constntinls. 


However,  reasonable  data  is  used  for  illustrative  purposes. 


Tbc  basic  o^anizatlon  of  this  diasenaiion  is  as  fbUows: 

1.4.1  Phase  1 

research  problem  and  objectives  to  complete  chapter  one.  The  next  two  chapters  present  a 
compraheoslve  literature  search.  While  chapter  Itvo  is  centered  on  providing  general  stale 
of  the  art  information  related  to  the  research  topic,  chapter  three  focuses  on  establishing 
an  understanding  of  the  essential  methods  and  principles  underlying  acceptance 
sampling. 

To  inirlude  the  development  of  the  quality  cost  model  based  on  the  methods  of  the 
quodmtic  loss  Function  approach. 


CHAPTER! 

RELEVANT  LITERATURE 


ocs.  The  AASHTO  OuajlY.  AaiiBnv:iLGwd(HILSi«ifi«iions  dewlowd  by 
en  Assoclfllion  ofSlaie  Highway  and  Transportalioo  OIRcials  (AASHTO) 


y.  Thi!  U noted  in  NCHRP  SyniheaU  23!  [1996|.  A 
prepared  forihe  Tianspoilation  Research  Board,  sc\ 


5,  and  the  need  for  Additional  information  on  the  vorioblli^  of  several 


Literature  also  reveals  that  of  the  nmny  bttportanE  flndinus  from  the  AASHTO 
Road  Teal  eonduaed  in  196},  one  was  a revelation  na  to  the  peeler  than  expected 
nurgniludeoflhe  vtmabiiities  encountered  in  the  constnicdoa  of  pavements.  Since  the 
Road  Test  findings  rverc  reponed,  the  FHWA  and  various  sirtie  department  of 


data  from  inalerials  quality  control  and  aceepiance  testing,  it  has  also  been  found  that 
both  DOTs  and  contraeiora  have  developed  data  bases  for  quantifying  material  and 


According  to  the  TRfi  synthesis,  dale  collecied  in  past  rtaearch  reveals  that 


quanli^  of  material,  etc.  over  which  the  variability  is  measured.  This  informaden  was 
not  always  availabieinthereferencea  In  the  synthesis  conefuslons,  the  following 
recomcnendauon  wos  highlighted:  in  the  development  of  a specificatjon,  the  collected 
drUB  should  be  used  prvdcoily  and  verincadon  of  the  variability  under  conditions  of 
proposed  usage  is  encouraged. 

The  same  synthe^  points  out  an  irnportanl  fact:  that  variahilitt'  is  imuitively  well 
manufacturing  processes,  voriabUl^'  is  expected.  For  example,  in  the  production  of 


concrcie,  Ihe  size  of  aggregates,  weight  of  cement,  air  cootem,  and  water  quantity  are 
Bmong  properties  that  vary  between  batches  within  a nsrrow  range.  In  all  aspects  of  life, 

understood  than  the  definirian  found  in  a dictionary,  which  ia.-api  or  liable  to  vary  or 


The  synthesis  also  notes  that  variability  as  used  in  thnl  work  is  ibe  quantification 
of  typical  variation  found  in  materials  artd  constntcrion  processes  in  highway  pavement 
eoBStrucUor.  The  key  word  in  ibis  usage  is  "lypicaJ.”  Typical  is  a telalive  term.  It  nray  or 
may  not  apply  to  the  variability  of  a process  ihottsigets  a particular  specification 
depending  on  the  sources  of  variability  operating  in  the  acceptance  plan  for  lhal 
speeiltcatlon.  It  is  imponamio  tacognlze  that  sources  ofvariabiliry  are  preseni  and  that 
thetic  sources  appreciably  influence  the  magnitude  ofvariabiliry  found. 


Although  variability  is  well  recognized  intuitively,  literature  supports  the  fact  thru 
routinely,  most  engineers  arc  suipriscd  when  two  rest  resulis  on  engineering  properties 
from  Ibe  same  sample  are  t»i  the  same.  'Ibis  often  leads  to  the  queslion:  bow  much 
variation  can  be  reasonably  expected  from  two  test  values  bom  the  same  malarial?  Also, 
the  common  assumption  is  usually  the  following;  if  ihe  two  values  differ  in  any  way,  one 


mils,  and  this  is  one  of  the  many  concerns  of  this  research. 


Another  interesting  finding  is  that  the  importance  of  the  irtagnicude  of  variability 
bas  been  recognized  in  the  hightvay  industry  since  at  least  the  early  I9d0s,  but  it  was  not 
until  Ibe  analysis  of  the  variability  of  materials  artd  construction  horn  the  AASHTORoad 


Test  (1956*1962)  that  the  magnitude  and  the  effect  of  the  variability  on  specifications 


Road  Test  speciftentions  stare  intended  t 


, the  kind  used 


every  day  for  cootrol  of  our  large  highway  construction  program The  development  of 


experts  thought  could  typically  be  buIlL  A conclusion  by  rescarcbers  Carey  and  Shook 


2.2  SlpLsIical  Qialirv  Assurancg 


^AASHTOOimII^' 


; Guide  ScKilteEiioM 


bilit>,NCHRPS>nthe3is232[lM6].  The 


bI  yearB,  alUwugh  i 


developed  to  ciieck  ibe  placement  of  steel  in  concrete  and  to  measuie  the  thickness  of 
pavement  components.  Rapid  nondcslnictive  testa  such  as  those  cited  wiU  provide  berter 

Thiough  the  wotk  of  its  different  committees,  the  American  Sotiety  of  Testing  & 
MateriaJa  (ASTM)  is  advaneing  the  stale  of  the  art  of  quality  measurement  by  developiug 
precision  statemenu  for  standard  tests.  These  statements  will  provide  a basis  for 
evaluadiig  the  work  of  Inspectors  and  laboratoiy  technietana  and  should  decrease  icstbg 

direct  output  printout.  These  plants  prevtde  not  only  automatic  contiof  hut  also  adequate 
guarantee  ptoduct  quality. 


P.4  Current  Trendi  in  Pavement  Oualirv  Control 
The  liiencurc  search  has  identified  two  dontinam  philosophies  in  the  pavement 


section,  there  is  hardly  an  area  in  the  scientific  communlry  that  has  not  been  touched  by 
staiisilcs.  Statistical  analysis  Is  a tool  by  which  we  make  sense  of  dam.  Increasingiy.  stale 


andiranspon 


performance  quality  rdaled  data  that  could  be  found  or  csiimaied  were  used  along  widi 
engineering  economics  principles  10  develop  a pay  schedule  that  is  fair  lo  the  coosuucbon 
industry  end  at  Ihe  same  time  protects  the  interest  of  the  agency. 

The  development  of  the  concrete  specincation  produced  several  new  ideas,  such 
as  die  bonus  provisions  which  were  a distinct  departure  liom  earlier  New  Jersey  DOT 

what  die  capabilities  of  Ihe  specification  were  and  Ihe  probable  consequences  of  various 
proviaons  Ihoi  were  under  considcralion.  This  put  managenieni  in  n much  stronger 
posidoc  to  provide  the  leadership  necessary  to  overcome  inlliai  skepticism  about  SQA. 
Several  other  steps  helped  New  Jersey  launch  iutSQA  piogram.  Management  had 

lequiremenls  of  the  specificadon.  Training  sessions  were  held  to  explain  how  and  why 
statistical  specifications  work  and  what  they  are  expected  to  accomplish.  Construction 

input  Before  the  ^seclfication  was  implemented,  several  field  trials  were  condacted  to 

^rit  of  cooperation  among  all  conceined.  The  specificadon  was  also  Inlroduced 

approach  conutbuted  to  a generally  imooth  rransilion  once  the  concrete  specificatian  vvns 
finally  adopted. 


I be  reUled  la  the  perib 


In  spiin  orall  IhPMcfToiU,  products  occasionally  &U  to  comply  wjili 


speciltcadons.  It  is  reasonable  to  expect  that  a product,  which  falls  outside  spacifleations, 
wdll  also  have  reduced  perfontiance.  Oiven  the  notion  that  a particular  product  falling  lit 
ibU  category'  may  not  warrant  rejection,  n contmon  practice  in  statistically  based 
specification  is  to  adjust  Ihc  payment  for  such  a product  to  reflect  the  level  of  quality 
received. 


2.S.I  Lift-Cvclc-Cosl  Bases  for  Pay  Adiusuncnis 

it  has  been  noted  that  a major  concern  for  truisponation  agencies  in  the 
development  of  adjusted  pay  schedules  is  the  determination  of  appropriate  pay  levels  for 


there  was  little  or  no  information  relating  quality  measures  to  performance,  Ihc  methods 


have  necessarily  been  quite  arbitrary.  In  coses  for  which  quality  and  performance 
relationships  have  been  established  (or  can  be  estimated),  one  of  the  more  rational 
methods  for  developbg  pay  schedules  Is  based  on  life  cycle  costs  and  the  legal  principle 


of  liquidated  damages,  in  Ibis  approach,  ihc  schedule  is  designed  to  withhold 


sulficient  payment  at  Ihc  lime  of  construction  to  cover  the  cost  of  future  repairs  made 


In  the  case  of  highway  pavement,  for  example,  the  thickness  and  material 
cbaracteristics  are  choseo  to  emry  the  estimated  loading  for  the  desired  service  life.  At  the 


1 10  years  each.  I 


epable  of  csnying  Ihe 


peribrniiince.  BuitheprimaiyJusUficationfora  boDiu  provl${oii  has  lo  do  with  fairness  to 


it.  Unless  Ihe  acceptance  proceduie  is  designed  to  allow  pay  beentives  (pay  footers 


pc^  factor  wiii  be  biased  downward  at  the  AQL,  and  acceptable  tvork  will  be  uitfoirly 
peoalined.  The  foiliire  to  award  an  average  pay  factor  of  100  percent  at  the  AQL,  even  by 
only  one  or  two  percent,  can  result  in  many  thousands  of  dollars  of  unwacianted  pay 


2.6  Aeceniance  Sattlpline  Plans 


; plans.  It  ha 


erallytwo 


: [1976c).  RiehirdWeedis 


Ipoyodju 


Televantlo  thi»  disseruiicm  5K  Weed  [19S2. 1993. 1996].  Wilkubrock  end  Kopoc  have 


project.  Kopec  cuiremiy  leade  die  PKS  research  icFerenced  in  a previous  section. 

Abdulrahman  Abdullah  Al.Aazaoi  developed,  for  his  Pb.D.  dissertation  at  the 
University  of  Florida,  stntisdcnlly  baaed  acceptance  procedures  with  price  adjustment 
provisions  end  realistic  job  mirt  formula  tolerances  for  flesible  pavement  materials.  The 
acceptance  procedures  assumed  unknown  variability;  thus,  AFAzzam  used  the  tables. 

to  develop  ^uali^  indezes.  Although,  the  developed  pitroedures  are  quite  general, 
pardcular  coasidetations  were  made  to  Improve  the  quality  assurance  programs  in  Saudi 
Arabia  [AI*Azznm,  1993].  li  should  be  nolcd  that  AFArzam  research  is  fimdamentoliy 
dilTerent  Imm  this  research  because  the  procedures  are  based  on  risks,  not  economics. 

published  by  Dodge- Romig  [1929],  Cnig  [1941],  Blackwell  [l947],Wallis[l947J, 
BowkcrandGoode[l9S2],Baniard]l9S4],  Llebermanand  Resrdkofril936j, 
Wetherill[l960],  Mace[l964],  and  Owen[l967]  arc  noied. 


[I9S9]  In  their  paper  tilled  “Eeonoinically<based 


llins' (1»74)  disscr 


nding  ofBftycsia 


I [1959]  give 


only  model,  which  ccpllcilly  addn 


reseorcber  finds  such  a model  llmiKd  becousc  of  iu  narrow  cost  siruclurc. 

Sevenl  other  authors  such  as  Moiugomery  |1995|.  Ronen  | I99SJ,  Biaakwell 
|I9S6|,andMoumII991|  have  also  made  significant  connibiniocs. 

The  litemturc  scsuch  reveals  no  econamically  based  plans  in  use  by  the  U.S. 
highway  industry. 


2.7  ThcTaguchi  PhDosoehv 

Roy|1990]  gives  an  interesting  summary  oftheTaguchi  philosophy.  The 


inspection,  in  his  quality  iraprovameru  practices  Taguchl  essentially  uilllnesthe 


coovcniional  statisticsl  tools,  but  he  sitnptifies  them  by  identl^ng  a set  of  rigid 
guidelines  fbres'perimeiit  layout  and  the  analysis  of  results.  Taguchi's  approach  has  beeo 


I itnproving  product  and  process  quality  [ Roy,  1990]. 


siagesofapcodiicl  or  a process,  and  ccirrmnes  through  the  production  phase.  He 
proposed  an  "ofT-IiBa"  strategy  for  developing  quality  mipiovemeni  in  place  of  an  attempt 
to  inspect  quality  into  a product  on  the  production  line.  He  observed  that  piocess 
inspection,  screening,  and  salvaging  couldn't  improve  poor  quality,  Nn  amount  of 

quality'  concepts  tdtould  be  based  upon,  and  developed  around  tbe  philosophy  of 
preveotioD.  The  product  design  must  be  so  robust  that  it  is  immuna  to  the  influence  of 
uncontrolled  environmenial  factors  on  the  luanulaciuring  processes.  He  emphasized  that 
qtiali^  is  what  one  designs  into  a product. 

Taguchl's  secood  coocept  deals  wiih  actual  tnelhods  of  effecting  quality.  He 
coniecdcd  that  quality  is  directly  related  to  dcviailon  of  a design  parameter  from  the 

produced  with  properties  skewed  towards  one  end  of  an  acceptance  range  yet  show 
shorter  life  expectancy.  However,  by  specifying  a target  value  for  iho  critical  property  and 
developing  manufacruring  processes  to  meet  the  target  value  with  little  deviation,  the  life 
expectaiury  may  be  much  improved. 

Taguchl's  third  concept  calls  for  measuring  deviations  from  a given  design 
parameter  in  tcitns  of  the  overall  life  cycle  costs  of  Ihe  produce  These  costs  would 
include  the  cosi  of  scrap,  rtworit,  inspection,  returns,  warranty  service  calls,  and  product 
replacement.  These  costs  also  provide  guidance  regarding  ihe  major  parameiers  to  be 
comrolled  [Roy, 19901. 

strive  to  roduce  variation  around  the  largel  value.  A product  under  investigation  may 


value  as  possible.  To  accomplish  Ihis,  Taguchi  desigos  experiments  using  especially  con* 
sTnicted  tables  known  as  "onhogonal  arrays"  (OA).  Tbc  use  of  these  tables  makes  the 


etc.,  ore  usually  the  prime  sources  for  variailons.  Through  the  use  of  what  he  calls  Ihe 
outer  arrays.  Taguchi  devised  an  effeclive  way  to  study  Iheli  tofluerce  with  the  least 


. System  design 


engineer's  judgment  of  selected  materials,  pans,  and  nominal  productrprocess  parameters 


based  on  currenl  technology.  Most  often,  It  Involves  innovellon  and  knowledge  front  the 
applicable  fields  ofacienceaitd  lechnolosy. 


While  system  design  helps  to  identify  the  working  levels  of  the  design  factors, 
parameter  design  seeks  lo  deiennine  the  factor  levels  that  produce  the  best  performance 
of  the  product/proeess  unrler  study.  The  optimum  condition  is  seleaed  so  that  tlie 


Tolerance  design  is  a step  uaed  to  fine  tune  the  tosrtlis  of  parameter  design  by 
lightening  the  tolerance  of  factors  wlih  significant  inHuence  on  the  product.  Such  steps 
will  normnlly  lead  to  identifyong  the  need  for  belter,  newer  equipiaeou  spending  more 
money  for  inspection,  etc. 

?.7.l  The  Concern  of  the  Loss  Function 

The  concept  of  the  "loiai  loss  function"  employed  by  Dr.  Taguchi  has  forced 
engineers  and  cost  accountants  to  take  a serious  look  at  ihc  quality  control  practices  of  the 
past  The  concept  is  simple  but  effective.  He  deftnes  quality  as  "the  total  loss  imparted 
to  the  socitrty  from  the  time  a product  is  shipped  to  the  customer."  The  loss  is  mea.sured 
in  monetary  Icrms  and  Inclurles  all  costs  of  a perfecr  produei.  The  definiiion  con  be 
expanded  to  include  the  development  and  manutacTuriag  phases  of  a product. 

A poorly  conceived  and  designed  product  begins  to  imparl  losses  to  society  bom 


Ihc  embryonic  stage  end  continues  to  do  so  until  steps  arc  taken  lo  improve  ha  functional 
performance.  There  are  two  mayor  caiegories  of  loss  to  society  with  raspect  to  ihe 


product  quulicy.  The  firtci  calegoi^  relates  to  the  losses  incurred  use  result  of  hvmrtil 
ejects  to  society  (e.g.,  po 


loss  ftmedon  refers  essentially  to  the  second  caiegoiy. 


The  conventional  method  ofcomputlng  the  cost  of  quality  is  based  on  the  number 


method  artd  Taguchi's  view  of  loss  function.  This  graph  depicts  the  loss  function  as  a 
function  of  deviaiion  from  an  ideal  or  the  target  value  of  a given  design  parameter. 


Hera  T represents  the  target  value  or  the  most  desirable  value  of  the  parameter 


quality.  How  this  ideal  value  is  used  in  achieving  the  quality  goals  will  be  evident  later. 
UAL  and  LAL  in  Figure  2.1,  repieseot  upper  and  lower  scccplable  limits  of  a 


design  parameter,  re^KCtively.  Nomially  the  product  is  functionally  acceptable  if  the 


societal  loss  is  assumed  to  occur  and  the  product  is  shipped  to  the  consumer.  However, 


outside  these  limits  (as  shown  by  the  crosshatched  region)  lOOK  functional  deicriorarion 
occura,  and  the  product  is  either  discarded  or  subjected  to  aalv^  operations.  Every 
aiiempt  is  made  to  control  the  manufaciuring  process  to  maintain  the  product  within  these 


{•‘igurc2.I  Tegucbi  and  canventional  lo^s  funcUun 


I u Figure  22.  Plania  in  both  < 


with  a go^na  go  philosophy,  while  the  proJuci  manursetured  in  Japan  foiiowed  a nomai 
distribution  with  smail  deviation  &om  the  target  value.  The  large  scatter,  observed  in  the 

Once  the  process  in  the  U,S,  plant  was  brought  under  control  and  began  to  produce  the 
fjoguency  distribution  similBr  to  the  TVs  produced  in  Japan,  customer  satisCaclion  with 

the  target  [Roy.lMOJ. 

Consider  another  exampie,  which  will  further  auppon  this  concept  of  quality. 


specifications.  However,  the  source  B bearing  consistentiymeasured  a mean  diameter  on 
the  iarger  side  of  the  loierance  limits  as  depicted  in  Figure  2.  J resulted  in  excessive 


UAL  - UpEMr  Bllowible  limit 
T - Target  value 


Figure  Z,Z  TV  color  tlemli>'  disiribuiioiu 


aiAPIERS 


REVIEW  OF  BASIC  STATISTICAL,  MATHEMATICAL,  AMD  ECONOMIC 
ANALYSIS  PRINCIPLES  UNDERLYING  THE  OPTIMUM 
SAMPLING  PLAN  MODEL 


duBio  errors  in  measurcnrcnt.  Therefore  b model  is  selected  to  represent  this  vajiability. 
Thus  the  system  output  combines  the  true  thickness  ofthe  pavement  and  the 
mnisuretncnt  eiror.  It  follovin  that  the  model 


expresses  this  comblneiion  in  a simple  tvay,  where 


Si  “ measurement  of  the  error  for  the  ith  trial 


In  order  for  equation  3.1  to  be  considered  a slutisiical  model,  it  is  cecessaryio 
select  a probability  distribution  to  represent  the  vanabili^  a,.  Since  variability  Is  an 

concept  in  quality  control  systems,  more  specifically,  for  the  purpose  of  this  research  in 

soumes  of  variability  associated  with  acceptance  sampibg  will  be  d'on‘SS  later. 

The  model  developed  above  is  quite  simple,  but  is  has  loany  of  the  feanues  of 


the  inability  to  manipulaie  highly  complex  expressions.  A common  dilemns  is  that  the 
more  the  model  is  simplified,  the  easier  it  is  to  anaiyna,  but  the  lass  precise  the  result. 


I is  fitliiis  io  polni  oul  that, : 


man  appropriate  for  the  job.  i 


bralloii  here,  only  Ibe  pereew  defective  (or  percenr  within  liioil),  the  standard 
Ion  of  Item  qualities  fn  the  lot,  end  tite  lat-by-ht  methods  ore  confldeied. 
WiUenbrach  (i976j,  in  A Manual  for  Sratl^rical  OimlityroTitrQl  of  Highway 
ets  Ilie  many  soureea  or  components  of  variabiliiy.  These 


standard  deviaiioD  is  the  primary  value  titai  should  ultimately  be  related  to 
specification  limit,  within  the  tintertiune  defined  by  the  lot.  The  lot  is  defii 
area,  volume,  length,  etc.  over  which  the  product  or  connnicrion  will  be  ju 


ay  be  determined. 


Sampling  and  Testing 
Willun*Ba[eb 


ll  should  be  noted  that  in  the  development  of  a specification,  each  compooeni 
should  be  examined  vdtb  respect  to  a number  of  other  methods  of  analysis  also  good 
judgement  should  be  used  in  order  to  insure  that  the  inilividual  components  do  not  bias 

variable,  every  effort  should  be  made  to  reduce  the  variability.  Ifthe  variability  of  the 

these  comportenis  should  be  identified  and  quantified  ia  order  to  determine  the  source  trod 
magnitude  of  the  varidatlily. 

function  of  the  characteristics  ofthe  product  itself,  ft  may  vao' io  magnitude,  but  it  is 
surprisingly  one  of  the  smallest  sources  of  variability.  This  source  of  variabiH^  cannot 
be  used  by  itself  as  thespeciRcaiion  limit.  Inherent  variability,  liice  other  sources  of 

tecognioed  that  this  sampling  and  testing  would  intmducc  additional  sources  of 


batch  will  not  indicate  the  same  tcdt  result  ns  one  lehen  li^m  BDolher  part  of  the  same 
batch.  Testing  variability  is  the  lack  of  rcpcatabili^'  of  test  results  between  lest  portions 
that  may  include  tbe  effects  of  reducing  sample  inctements  to  test  portion  size. 

Operators,  equipment  condition,  calibradoo,  and  test  procedures  are  a few  of  the 
important  factors  that  can  cause  high  testing  variability.  Sampling  and  testing  variability 
are  soniellntes  diflicull  to  scpaiate  horn  other  sources  of  variability  because  samples  have 

result,  they  become  an  integral  part  of  the  ovoiall  variability. 

Within*batch  variability  depends  upon  the  magnitude  of  Ihe  difference  in  the 
measurements  between  two  inciemoms  that  are  taken  from  the  same  batch.  It  should  be 

is  the  function  of  sampling  lechniquc,  while  within-baich  variabOiiy  is  a Funedon  of  tbe 

segregation,  slump  change  ^m  the  front  of  the  load  to  the  back,  and  variability  in  core 


Datch-to-balch  variability  is  usually  the  largest  source  of  vsriability  in  any 

tie  product  from  the  seme  process.  It  Is  always  caused  by  the  process  aod  is  greatest 
d''out-or<onlro].~  To  detect  this  type  of  variability  it  is 

The  sum  of  all  of  the  individual  sources  of  variability  is  called  the  overall 
variability.  It  becomes  the  primary  consideration  when  establishing  specification  limits. 
It  is  very  imporiant  to  lemembci  that,  in  order  to  properly  determine  specificatioo  limits. 


ill  of  Oie  sourooi  of  variftbilicy  musl  bo  bieludod.  even  thou^  tbe  overall  variobili^  U the 


1 ^ FiiftHimeatil  Coafeeie  ia  StfltieticaJ  Accenunce  Samplinp 

aimed  al  satis^ing  thia  need.  Wben  on  agency  purchases  law  nioieriols,  or  finished 
products,  the  purdiase  eoQiract  will  often  indicaie  that  the  acceptance  of  the  products  will 
depend  upon  compliance  with  certain  quaJi^  specifications. 

Both  the  purchasbg  agency  and  the  supplier  understand  that,  if  the  products  are 
made  by  ntass-productiem  methods  (or  in  the  case  of  pas'cment,  concKte  to  be  placed  in  a 
day's  work  is  mbred  in  batches),  some  will  not  tneei  the  specifications.  Funhennore,  the 

Goode  [1933]  have  concluded  that  some  form  of  acceputnee  sampling  is  desirable  fbrlhe 
following  reasons:  first,  to  protect  the  purchasing  agency  against  the  acceptance  of  an 

product  when  necessoiy;  and  third,  to  assist  quality  control  in  the  leducuon  of  production 


a method  of  sampling  must  be  devised.  Since  n screening  method  of  sampling,  where 


kt.  Under  the  Inner 


3.3.1  AccCTOnctUtiinLoi-bv-LoiMelhail 


InlQi-by*lot  accepuoee,  one  coDslden  each  submined  lot  of  product  eepaiaiely 
and  battes  the  decision  to  accept  or  reject  the  lot  on  the  evidence  ofooe  or  more  samples 
chosen  at  random  from  the  lot  Tiiis  c>pe  of  plan,  as  the  one  proposed  in  this  dissertation 
is  described  os  a single  sampling  plan. 


When  sampling  plans  ate  properly  constructed,  a large  proportion  of  the  barter 
quality  lots  will  be  accepted  aod  a large  proportion  of  the  low  quality  lot  will  be  rejected. 
In  the  highway  eonstruction  industry,  rejected  lots  are  sometimes  “screened''  aod 
resubmitted  for  acceptance.  Here  screen  simply  means  that  additional  samples  are  lahen 
and  the  lot  is  ra-evalunted  (for  Portland  cement  concrete  compressive  strength  only).  It  is 
not  used  to  indicate  complete  inspection  of  un-sompied  products,  fn  the  accepted  lots  the 


originally  submined. 

Bowker  and  Ooode  [1922]  explain  that  iohby-loi  sampling  iitspeciion  improves 
accepted  lot  as  compared  with  the  number  of  defectives  in  the  lots  taken  ss  a whole. 


hard  to  aubmit  better  quality  lots  in  the  future.  In  the  highway  industry,  lot-by-lot  method 
lod,  which  would  be  leas 


3.3.2  Concern  of  SamclinB  by  AnribiilM 


ofvaiisbles. 


using  atiribuies  chierm.  Unfominateiy  ihe  same  cannol  be  said  in  the  ease  o 
Sampling  by  attributes  is  qualitative  where  as  sampibg  by  variables  is  quantitative. 

Grant  [1964],  Schiiling[l982],  and  Bnwker  and  Goode  [1952]  have 
ind^ndently  concluded  that  for  those  quality  chnraclcristics  that  can  be  measured,  the 
cost  of  inspection  per  item  is  iess  by  attributes  than  by  variables.  This  b due  tn  the  greater 
economy  of  inaction  methods  using  the  go/nogo  prineiplc.  The  fact  that  accepience 
criteria  must  be  applied  separately  to  each  quality  characteristic  b perhaps  the  most 


Figure  3.1  Normel  disIKbulloD  afPordaud  cement  concrete  strcaglb  date 


1*5,  UiUis  one  of  the  reasons  why  a tninimum  sample  ofsiaeS  is  gets 
)t  is  true  Ihat  properties  ofmastconstrucrioo  raw  materials  use< 
indusuyand  ofmost  manuiacturod  products  seem  to  be  distributed  in 
enough  to  the  normal  distribution  for  the  pracileal  use  of  these  variablt 


seems  reasonable  to  assume  that  a small  amount  of  skewness  is  always  ] 
frequencies  in  a skewed  distribution  ate  not  distributed  symntetricaily  al 
take  the  fonti  shosvubyFig.  3.4,  The  most  frequent  value,  the  mode,  iie 


aide  of 


■[A 


■A..  ..iiIIl.IA.,. 


i[ScIiillbB,  1952). 


If  Ihe  shape  of  the  imderljiDS  dlstrihudoo  of  bdividoa)  measuiemenU  'vete 
vn,  accepiarcc  sampling  could  be  performed  direcOy  on  die  fneasurtmema 
tselves.  Such  procedures  form  ihe  basis  for  variables  sampling  plans  for  percent 

basic  Idea  of  variables  sempimg  for  perceal  defective  is  to  show  that  the  sample 
Its  are  su^eienlly  far  within  Ihe  specificolion  limilfs)  to  assure  the  acceptability  of 


In  highway  construction,  them  are  three  types  of  variables  sampling  plans  Ihar  art 
generally  used.  A brief  explanation  of  each  Is  given  here.  Consider  lirsi  the  average  vaiut 
plan.  Suppose  that  ti  is  of  intcresUo  evaluate  the  compressive  sireogth  of  concrete  for 
compliance  with  specifications.  The  highway  agency  might  want  the  arithmetic  mean  of 
compressive  strength  of  concrete  to  be  yt  — dOOQ  pst  and  the  standard  deviarion.  ot  to  be 
300  pal.  Following  the  common  practice  of  the  highway  industry,  the  acceptance 


(3.3) 


7)ie  values  obiained  from  Ihb  cKample  are  commoiily  rererred  to  as  the  lotvti 
trtlerance  limit  (L.TX.)  and  upper  tolerance  limit  (U.T.L.),  reapectr  vely.  They  can  aUo  lx 

saruple  average  that  is  leas  than  these  values  is  cause  for  rejecring  the  loL  On  the  other 
hand  any  average  value  between  them  and  the  lot  is  accepted.  It  should  be  kept  in  mind 
that  in  using  this  approach,  one  is  mohing  a statistical  inference  about  the  population 
based  on  the  average  ctsm|ressive  strength  of  concrete  of  the  sample  In  accordance  with 


is  referred  to  as  average  value  and  standard  deviadon  plans.  This  type  of  plans  includes 
both  an  evaluation  of  the  sample  mean  K aod  the  standard  deviation  s.  An  acceptance 


statistics  X and  s are  then  dctcmiincd.  The  specillcation  limits  define  a pessmg  lest 
result,  and  like  in  the  first  case,  are  referred  to  as  the  L.T.L.  ttnd  U.T.L.  values.  A passing 
X would  fell  within  the  following  limits; 


If  is  also  required  tbsi  a percent  defective  goal  defining  a quantity  equivalent  to 
tepiruice  number,  c,  in  attribute  plans.  An  important  point  to  be  made  is  that  this 

is  done  to  allow  the  comparison  between  anributes 


The  second  melhod  is  aciuoily  an  extension  of  the  first  one  describe  previously,  ft 


r a sample  ai  random  from  a lot,  end  the  sample 


LTLSXSUTL 


! same  operating  cbaracterisilc  curve  This  number  is 


designated  by  the  lener  k and  the  rule  is  that  marerial  is  acceptable  if 


^-ksSLTl 


The  5tfindai4  devhuioD  $ I5  calculated  Cram  the  equation 


C3d) 


allowable  standard  deviadoc  value. 

this  dissertation  is  the  percent  within  limits  or  its  counterpait.  percent  defective.  This  plan 
is  actually  very  similar  to  the  second  plan  Just  defined.  The  difTerecce  is  that,  in  lieu  of 
staling  that  the  average  or  standard  deviafioa  of  sample  of  siae  'n'  is  to  be  within  some 


.(Q).On 


! given  below. 


* = sample  mean 
5 = sample  standard  devleiion 
lower  specification  limll 


Recall  the  earlier  dernution  given  for  the  AQL  value,  in  the  interest  of 
completeness  it  can  be  fbnnell)'  restated  as  follows  according  to  AASHTO  R9-R90; 
AQL  is  that  level  ofpeitcni  defective  at  which  the  work  Is  considered  completely 
acceptable.  There  is  also  a RQL  value  that  Is  defined  ss  the  level  of  percent  defective  at 
which  the  work  is  considered  unacceptable  and  repair  or  replacement  is  warrarned. 

It  should  be  noted  that  it  is  common  practice  to  established  the  AQL  aral  RQL 
values  prior  to  the  development  of  the  plan  and  it  this  process  must  not  take  la 


3.4  Lol  Size 


The  definilioii  oflotsize,  orKhai  cansiiniie  a lot  ia  very  important.  IftfaercUone 
alSiuGcant  departure  freon  the  existing  spcciJicalions  bemg  used  it  occurs  at  the  point 
wbeie  a lot  is  defined.  We  can  define  a lot  as  a prescribed  and  defiitsd  quantity  of 
material  (whether  it  is  by  area,  tonnage,  units,  etc.)  that  is  manufactured  from  the  same 
process  for  the  same  purpose.  The  contractor  for  quality  control  purposes  may  deftne  a lol 
size.  This  lot  may  or  may  not  be  the  quantity  that  is  offered  for  acceptance  as  a unit.  All 
sampling,  testing  requirements,  and  considerations  are  defined  for  that  quantity.  Only  by 
establi^ing  the  size  of  the  lot  con  one  select  the  proper  sampling  locations  and 
ftequancies  for  either  qtraliiy  control  purposes  or  to  esritnate  the  quantity  of  the  material 
that  is  within  the  specified  limits. 


example,  the  process  ofcnnstructing  a highway  may  be  thought  of  as  the  production  ofa 
succession  of  lots.  These  lots  are  scqucntialJy  presmted  to  the  engineer  for  acceptance  or 
rejecrion.  In  order  to  implement  the  acceptance  plan,  each  lot  is  considered  to  be  made  up 
ire  randomized  within 


! submitted  for  acceptance  i 


cssemiolly  minmii2M  his  sconomie  li«bilitj  lo  keep  his  process  io  ooairol.  HoMvet,  loo 
large  a lot  siar  puts  Ihe  contractor  el  a disiinei  dtsadvamage  because  of  his  increased  risk 
of  having  a veiy  large  quantity  of  raaterinl  lejecicd  (or  penalized). 

3,5  Acceptance  Plans  Dccisioa  ErTorafaCl 


acceptance  of  only  good  items.  In  facu  according  to  Juren  and  Giyna  [1988]  and  Bowker 
and  Goode  (19521,  occeptance  sampling  plane  occasionally  will  permit  the  acceptance  of 


fmakin 


applied  for  highway  appllcatio 


naeoaahlo  AASHTO  ] 


ampie  of  dak  aneiysia  woold  be  helphit 


implies  that 

Ho  M"  5D00  psi  (Null  Hypothesis) 


) psl  Oei  H,  represem  Ihe  Alwmacjve  Hypothesis 


Theprocedij 


I is  illustrated  will  assume  that  the 
tcceptance  decision  will  be  based  i 


close  to  dOOOpsi  the  hypothesis  riiould  be  accepted.  The  basic  doestion  which  must 
be  ashed  is  what  Is  'reasonably  close*. 


assumed  to  be  ooitnal  and  has  a standard  deviation  a i = o/Vn-  300/V5=134psi. 

If  the  mean  of  population  p is  dOOOpsi,  then  the  mean  for  the  sampling 
distribution  is  also  dOODpa.  the  lotai  wn^  for  the  sampling  dLStribuUons  of  sample 
mcens  of  siic  n =5  extends  from  5000-3(3<ll)y  -^5=  4S98psi  to  SQOOpsi  + 3(300y -^5 

be  computed.  Suppose  for  example  that  the  agency  decides  to  reject  the  hypothesis  if 
X is  less  than  *l.9do  the  sample  data  X could  be  compaiod  in  order  to  determined  if 
the  null  hypothesi.s  (Ho)  could  be  accepted.  Mere  liuui  4 >1,96(134]  263pd  frain 

SOOOpsi.  11te  values  1.96  are  V values.  It  can  be  concluded  that  93H  of  the  X 


-less  than  lhas 


3.6  ODCT«iiiieCh»i»cKnslic  Cafvt 


normally  1 


rills  iha 


83 


campscUon  are  aubmilied  lo  this  plan,  appnuimalelp  20H  of  tham  will  he  accepled 
and  SD%  ofiheoi  will  be  rejected.  Such  siaiements  can  be  made  abnul  lots  of  any 


3.6.2aand  B Risks 

Another  feature  of  the  O.C.  curve  is  its  ability  to  incorporate  the  buyer  and 
seller's  risks  involved  in  evaluating  the  pcobobllity  of  ecnptance  of  a submitted 
producL  from  Figure  3.8  the  seller’s  alpha  (a)  risk  is  quickly  identified.  For  the 
percent  compaction  Pi  representing  the  acceptable  quality  level  ( AQL),  the  curve 
gives  the  probabiliqt  of  acceptance  of  a lot  of  that  quality.  It  should  be  noted  that  the 
ptobabiliiy  of  accepuince  b equal  I*  o. 

Similarly  for  the  percent  compaction  Pi 


level  (RQL).  nieanlng  that  the  product  is  so  bad  that  it  would  be  detrimcolal  to  the 
overall  performance  of  the  pavement  stnrcrure,  the  level  of  the  risk  beta  (|l)  given  at 
that  point  is  the  risk  of  the  buyer  to  accept  a lot  cf  that  quality. 

The  choice  of  alpha  and  beta  depends  upon  the  consequences  ofaprodua's 
foilure  to  perfonn  ib  intended  hinclion.  This  is  referred  to  as  the  level  of  criticality  of  the 
characteristic  under  consideraiion.  Ifa  product  failure  results  in  lossoflifeoiintbe 
complete  uselessness  of  the  unit  in  which  the  product  b mcorporated,  it  is  critical  fsilute. 
In  such  cases,  ^ is  nonnally  set  ic  approximately  zero. 


I a can  be  made  smaller.  In  the  highway 


industry,  for  a Don-criticeil  product,  a and  ^ are  usually  chosen  as  0.05  and  0.10 
respectively.  [AASHTO,  R-90].  The  true  meaning  of  risk  is  how  much  one  is  willing  to 


Figure  3.8  Operating  churacteristic  cur>e  fur  i 


I be  expIlcIU}'  i 


: spccificaiion  limit; 


(3.7) 

100  (Vsstf 

Only  one  ofthe  two  cases  will  be  considered:  (l)>i  unknown,  cs  known.  Let  Xi.Xi, . . .,Xa 
be  independent  raodom  variables  &om  (be  above  normal  disiribuiion.  Define  p'  as  tbe 
usual  attribute  estimate  ofthe  fraction  defective,  (4..  the  ratio  of  the  number  of  defective 
items  to  the  sample  size.  It  is  evident  that  p'  is  unbiased.  Hence  it  follows  from  Blackwell 
[1947]  and  Lehmann  and  ScheOe  [I9S0I  tesulu  that  p = £(j|d)  is  the  unique  uniformly 
minimum  variance  (UMV)  unbiased  estimoic  of  pVlOO,  where  d are  the  sufficieoi 
statistics  for  the  normal  disthbuticn.  Since  p' is  the  sum  of  the  independcoi  identically 
distn'buled  random  valuables  taking  on  the  values  0 and  Lit  is  evident  ihai^c£(^|«) 
is  equivalent  to  £(3|$)  where  pis  defmed  as  follows:  let  y be  any  one  ofthe  observations 
(xi.xixi xn)aayxi,ihen. 


ifLsysUand 


otherwise. 


(3.9) 


Liebencan  and  Resnikoff  [!9S0)  cnncludsd  Ihil  if  Ibe  observMions  are  dta>ra 


frgm  a nonnal  population  with  an  unknown  mean , p,  and  known  va 


p = £(?|x) 


is  a sufficient  statistic.  In  this  case  equation  (3.1 1]  is  the  uniform  minimnin  variance  is 
unbiased  cstimere  of  p'/iOO.  Ifp  is  the  estimate  p. 8),  then 

^i)  = £(Jli)  = Pr(?  = lliei  = i-Pr(iS}'Sf;|x}  = l-|^^«r  p.|2) 


where«C>,a)i8  Ihejoint  probability  density  ofj"  and  1,  and  h(  x)  is  the  probability 
density  of  it . Consider  the  Joint  probobiiity  density  o(y 


The  tnuisfonnatioo 


p-iale'tIb-Bt'-l'-rar-rt*! 


and  dlvlslos  by 





liy.T)  nr  I 

i(I)  Vn-lV2ro 


■If""”'*-)* 


(3-13) 

Where  $(v)  is  the  standardized  normal  density  function.  Finally-  the  UMV  unbiased 
estimate  ofp’  is 

p(y)  = 100p(i) 

3.7.2  ITie  Known  Siama  Aicemnnce  Criterion 

The  acaepinnce  procedure  isfonimlaied  as  follows:  Accept  a lot  of  Items  if  in  the 
sample  p(x)  sM  where  M is  so  chosen  that  if  the  population  percentage  defectite  is  p'. 


, if  the  portioD  of  the  population  lying  outside  (U,L)  is  p',  then  the  probability  of 


Bcccniance  will  be  LfTico  It  is  shown  that  in  the  one*sidcd  case  accept  if;  ho 
Let  K«  be  defined  by 


in  the  one-side  case,  when  L = • « 


p = J^_^  ^_^d<v)rfi'SW/100  (3.15) 


implies  that 


if  one  lets 


the  operating  chanicteeistics  (OC)  curves  of  the  two  acceptance  ptooedtiies  will  be 


deviation  is  known,  it  is  evident  that  if 


the  incoming  value  ofp'.  the  percent  defective  is  gceater  than  the  AQL.  Consequently,  the 
lot  should  be  rejected  without  a sample  being  drawn.  The  OC  curve  of  this  two-sided  test 

incoming  quails  that  is  no  worse  than  the  AQL,  the  upper  bound  corresponds  to  the 


efceiive.  The  bird  here  is  rdalivd)'  wide,  I 


3.8  Expeculion 

In  statistics,  a typical  quantity  is  often  necessaiy  to  describe  the  complete  cumulative 
distiibution  function  ofi  random  voriible.  Ibis  suggestive  quantity  is  referred  to  ns  the 


£(;f)=  Js/,(s)rt 


The  relailonrfiip  between  the  sample  mean  and  the  expected  value  of  any  random 
vaneble,  X,.in  tbe  sequence  is  that  as  ~n~  gets  large  the  sample  mean  approaches  the 


X The  expected  value  of  h(X)  is  defined  as 


£(A(X))=  jAU)/(a)rfr 


I.  Eir)‘M,  =£(■>, -sr,  *“,x^  *...*f.x.) 


The  b’s  are  replaced  with  new 


Figure  3.9  shows  dlstribuiion  o(  the  variance  of  an  individual  measureineni  and  ihe 
variance  of  the  sample  mean.  D is  a parameter  that  indicates  Ihe  variability  ofamatcriai 
or  product.  It  ranges  horn  2fvery  variable)  to  SO  (verysiable).  This  distinguished  it  fromn 
the  sample  size.  ITowever,  the  theory  which  validates  D is  the  same  as  desciibed  above. 


depends  on  the  true  state  ofnaltue.  in  this  case  t(n,d3  is  inteiprcted  as  the  expected 
value  of  the  loss  Incurred  ifsctloo  'V  is  taken  when  nature  is  io  stale  & 

It  should  be  emphasized  that  the  losses  incurred  are  to  be  considered  as  given 


3.9.3  Crilcrii  for  ChoosLna  amona  Actions 

If  the  best  nclion  is  detined  to  be  that  action  which  minimizes  Ihe  loss,  it  is 

if  the  true  stale  of  nature  is  not  known  choosing  the  best  action  is  not  obvious. 

example,  in  the  case  of  the  five  aggregate  suppliers  referenced  previously,  a rational 
decision  maker  would  not  purchase  front  supplier  at  or  as  if  he  or  she  knows  Ihailhe 
loss  would  be  less  if  aggregates  are  purchased  from  .supplier  Bi,  ar,  and  as.  Bowkeran 

If 

t{a,  tl) 

for  all  possible  siaie  ofnanire,  A decivon'maker  should  not  use  a dominated  action. 
After  elimiiuiting  the  dominated  actions,  there  still  escists  a Deed  for  a crtlerion  to 
choose  among  the  remaiaing  actions.  AJicmativc  approaches  that  .seem  to  have 


numbers  associated  with  an  action  and  a state  of  rtarure  and  arc  not  port  of  the 


practical  imponance  ore  the  minimax  principle  and  criteria  that  utilize  prior 


knowledge  about  the  poss^le  states  of  nartire. 


3.9.4  Bayes  Principle 

[f  ihe  decision  maker  is  willing  lo  postulate  a probability  disthbuiion  over  the 
possible  states  of  nature,  rbesro/eo/notare  eon  be  Ireaied  as  0 ran^m  variable:  the 
(subjecilve)  probablllry  tllstribulion  which  describee  his  degree  of  belief oboai  the 

information  given  by  tbe  prior  distribution  and  the  loss  ftmciion.  tbc  dcci5ion*maker 
is  able  to  establish  a bamework  for  choosing  between  alternative  acUons. 

probability  distributioD  is  denoted  byP{fl=k}  =ns(k).If  the  ttiaie  of  nature,  ft  is  a 
continuous  random  variable,  its  prior  dansi^  function  will  be  denoted  by  rte  (z)^ 


where  the  expectation  is  taken  with  respect  to  the  prior  probability  distribution 
defined  over  the  possible  states  of  nature.  ie„ 


•£Ka,k)t,(k). 

]na.r)M 


procedure  or  the  Bayes  rule. 


3.9.S  Conditional. 


. ind  PoslerioT  ProbabiljUB 


[fuiead  ofse^LKotially  in  time.  In  fact,  panial  iiifomialion  abuut  the  outcame  of  the 


psychological  auiiude.  then.  tbU  Information  can  be  incorpoialcd  into  the 


in  terras  ofprobabillty  distribution.  Even  though  this  experience  is  subjective  in 
that  it  represent  the  personal  beliefs  of  the  Agertcy  Representative,  and  different 


r different  t 


All  updaled  prior  distribution  is  caiied  B posterior  distribution.  The  posterior  distribudoii 
o[$  is  defined  to  be  the  conditional  distribution  of  $,  ^vcn  that  X equals  x.  the  usufii 

distribution.  This  posterior  dtsiribuiion  can  now  be  used  to  compute  the  expected  loss  tor 
each  action  and  apply  the  bayes  principle,  which  calls  for  the  Agency  Representative  to 
choose  the  action  that  minimizes  the  expected  loss. 


3.9.6  DecUioo  Procedures  Thcoiv 

XI,  X2. ....  Xn,  the  highway  rcptusenitilive  ordeciston-maker  is  interested  in  choosings 
plan  or  decision  procedure  which  is  dependent  on  the  outcome  of  the  sampling  process. 
Ueberman  ffiaied  that,  a decision  procalure  ordeelsion  rvie  Is  a niU  that  spect/iss  (1) 

taken  for  each  possible  outcome  of  the  random  sample  obtained  from  experimentation. 
This  decision  procedure  is  to  be  chosen  before  the  experiment  is  performed.  In  order  to 
quuuify  this  defiiutiort,  denote  by  X some  chosen  random  variable  which  describes  the 
"infbnnailon''  contained  in  the  landom  sample  of  size  n.  The  nuidoin  variable  X can 


tepreseot  such  random  variables  as  the  sample  mean,  the  sample  variaoce,  the  sample 
(XI,  X2 >in},  and,  in  general,  any  function  of  the  random  saiirple.  In  order  to  relate 


define  a function  d such  th&I 


r = d[x] 


(I)  The  highway  engineer  can  specify  in  dollars  Ihe  loss  function  Ihnlcan 
be  expected  as  a result  of  a decision  based  on  aii  possible  errors  of 


(2)  The  highway  engineer  can  specif  in  dollars  Ibe  cost  of  sampling  that 


C(n); 


known  for  all  possible  values  of  the  sample  sixe.  denoted  by  and 


(3-23) 


)«»)/(« 


-m 


Procedures  far  devising  & fomiula  brsemple-size  deiermirverion  irt  esUmniing 
ihe  mean  of  a variable  whose  disuibuijon  farm  is  unknown  bur  w hose  variance  is 


siililjig  from  a decision  based  c 


(2)  The  cost  of  sampling  ^vill  be  a linear  function  of  Ihe  sample  size,  that 

(3)  The  devialion  ofdte  sample  mean  from  (he  population  mean  will  be 

(4)  A preliminary  estimate  of  the  variance  of  individual  obsersations  of  o’  is 


],!(i-A)'/(f->i)<ie*C-ren 


(3.25) 


3J.nQplip 


I if  perfo 


correspandiog  system  is  to  be  optima]  is  objective,  ratbertium  subjective.  But,  If  the 
perfomumce  measute  and/or  system  constraints  ere  psitially  subjective,  then  the 
attemmem  of  an  optiroal  design  is  also  subjective.  It  should  be  noted  that  in  many  cases. 

Commonly,  the  fotm  of  the  optimum  system  depends  on  the  particular 
perfbmance  measure  employed.  A perfonnance  measure  is  not  necessarily  a single  entity, 
such  as  cost,  but  may  represent  a weighted  sum  of  various  factors  ofinteresL  e^,.  cost, 
reliability,  safety,  economy  of  operation  and  repair,  accuracy  of  operation,  sire  and 


nig  one  that  yields  the 


t satisfy,  I 


soluItonstnayAlso  suisfy.  Such  Cooditloiu  are  called for 

A suffkieiu  corvtilion  for  optimality  Iti  one  whicb,  if  satisfied  by  a givea  solution, 
guaraalees  that  the  given  solution  is  optimum;  but  if  e given  solution  does  not  pass  a 
suiftcient  condition  tost,  it  docs  not  necessarily  mean  that  the  given  solution  is  non- 
optimum.  Only  if  n given  optimolity  condition  is  both  ueresso/yondstt^ienr  that  one  is 
guaranteed  that,  optimum  solutions,  and  only  optimum  solutions,  satis^'  it. 

Sensitivi^  analy^  is  another  important  aspect  of  optimiaation.  it  is  knoxvn  fact 
Ihat  physical  systems  cannul  be  constmcled  or  operated  exoci^  according  to  completely 
delerminislic  specificatioos  because  ofinheienllimitetions  on  Ihe  measurement  of 
phy^cal  entities.  Even  if  one  could  be  constructed  or  operated  as  such,  it  should  be 
expected  that  its  cbaiactonsttcs  would  change  to  some  extent  over  a period  of  time 
because  of  environmental  factors  for  example,  tempcratuie,  pressure,  sging,  and  so  forth. 
Therefoie,  systems  cart  operate  satishctorily,  provided  that  certain  tolerances  ere  held  by 
elemenis  thal  iniluenoe  system  operation.  The  specification  oflolerancestsan  esscmial 
pen  of  any  complete  solution  In  a practical  problem.  To  specify  tolerances  realistically, 
the  manrter  in  which  characteristics  ofthe  system  under  consideration  are  influenced  bv 
changes  in  system  elements  should  be  krtown  by  the  Engineer.  In  fact,  the  tolerances  of 
system  elements  may  be  selected  so  as  to  minimize  the  total  cost  of  ihe  system  subject  to 
ihe  constraint  that  assured  degrees  of  tolerances  are  held  by  essential  system 
eharacterislics. 

A characrcristic  cfa  system  is  considered  to  be  very  srnsrrhv  wflh  respect  to  an 


element  ofthe  system  if  the  characteristic  is  greatly  influenced  by  relatitely  small 


or  subsysiom  ofa  s>sleni  is  predotermlDetl,  thru  is, 
not  BUtae  discretion  of  the  designer,  the  toicrances  on  that  part  mey  be  quite  [oose.  With 
deference  to  this,  the  senshh'iry  of  esseotiai  system  characteristics  depends  on  the  way  in 
winch  the  remainder  of  the  system  is  designed  about  the  predctertmaedpaft(5).  It  is  quite 
appropriate,  therefore,  that  sensiltvity  considerations  be  included  in  doign. 

For  certain  types  of  physical  systems,  it  is  feasible  to  continuously  or  periodically 
monitor  some  of  the  factors  upon  which  system  performance  is  based.  The  monitored 

system  performance.  Tbe  problem  of  monitoring  measurable  entities,  and  of  estimating 
from  them  the  factors  of  interest,  is  known  as  the  robriri^cirrioRprohicm  A major  use  of 
on-line  idcnliltcauon  is  that  of  keeping  system  performance  as  good  as  possible  under 
changing  conditions.  These  concepts  will  be  revisited  in  chapter  live.  Theta  is  often  a 
liade-ofF  between  identificaiion  and  sensitivity;  the  mote  insensitive  that  system 
performance  is  made  wih  respect  to  changes  in  a ^veo  parameter,  the  less  need  there  is 


Indicators  of  sensitivity,  serutrivijymeosvrei,  can  be  based  on  either  macmscopic 
or  microscopic  (incremeniaij  concepts.  The  oaerosccpic  sensitivity  of  a system 
characteristic  is  sensitivity  in  the  large.  For  example,  its  range  of  values  of  a particular 

system,  a design-ceoier  vatue  of  this  system  paramcicr  may  be  selected  at  a point  in  the 
range  where  the  system  characteristic  is  relatively  insensitive  to  changes  In  the  parsmcicr. 
On  the  other  hanii.  incremental  sensitivity  of  a system  chamcierisiic  is  applicable  to  small 


paramewm,  i 


a.IlEconomk  Analysis 

When  highway  en^eers  evaluale  pavemani  design  aliemadves,  il»y  have  to 

decision  is  usually  based  on  economics.  Economic  analysis  Is  Ihe  tool  thai  makes  li 
design  is  translated  into  its  dollar  value.  There  are  several  economic  tmalysis  methods 


/back  In  utilizing  the 


(3i6) 


F^PiUO-  ,357, 

I (358) 


P ■ PresCDl  worth 
F = Fuiiire  worth 


a = Numherofintcresl periods/or uialyaU  period 


sublinctmg  the  curronl  aiiemaljve  from  the  last  one. 

This  coQcludes  the  dUcusslon  regarding  fundamciual  principles  that  ere  essential 
in  this  research.  In  The  nest  chapter  the  modeling  of  the  quality  cost  functiem  is  piesenicd. 


3,12Miidtl.iuii 


jfOialilvwilhIheOu 


iDcorporaicd  io  the  complete  cost  model  developed  In  the  next  chapter  will  greatly 
remedy  this  defietency.  itahoiild  also  be  noted  that  when  reference  to  cost  of  quality  is 


, is  likely  to  perfbn 


nu  four  quality  chaiacuiiatic 


the  acronym  STAR  are  used  by  the  highway  agcocy. 


Belavecdram  [1993]  In  hU  hook  defined  each  ofihese  in  the  following  manner. 

I A naminal>the>beai  quality  chameKfistic  is  a irteasurable  cbaiacteristic 
with  a spedijc  user  denoed  target  taliie.  An  example  is  the  asphalt  content 
m a pavement;  the  target  might  be  a nominal 


some  Tonetion  which  uniquely  defines  Ihe  relsUonship  between  economic  ices  and  the 


assess  Ihe  ioss  due  to  devluion  of  e quaiiiy  characiensUc  from  its  uuiei  value,  i.e.,  due  to 
poor  quality.  A premise  ofTaguchi  methodology  is  that  useful  results  must  be  obtained 


lelevlsian  sets,  refereoced  earlier  in  chapter  2,  resulted  in  these  findings. 


I.  Conformance  to  speeirieation  limits  is  an  inadequate  measure  ofquBliTyloss 

3.  Quality  loss  can  be  rulaled  to  product  chaiacteristios. 

4.  Quality  toss  is  a financianoss, 

5.  Quality  loss  function  is  an  efficient  tool  for  cvaluaiiog  quality  loss  at  the 
earliest  stage  of  product  development 

Taguchi  concluded  that  quality  is  related  to  the  loss  to  society  caused  by  a product  during 
its  life  cycle.  A truly  high  quality  product  vd  II  have  a minimal  loss  to  society  as  ii  goes 


I represent  a significant  investment.  Taguchi  [1986]  found  the 


quadratic  i 


through  this  life  cvole.  In  this  country,  it  is  quite  popular  to  take  a strict  view  of  what 
constitutes  quality.  P.B.  Crosby  [1979]  in  his  book  tilled  OuaLtv  Is  Free  supports  the 


Figure  3,10  Tigucbi  loss  fuDctiou  (top)  aad  Ibc  goalpost  syndrome  (bottom) 


3.14CDW  of  Variatioii-Cosl  of  Quality 

Early  in  his  mnrch,  Tugucbi  (1986]  concluded  Ihu  vaiiailon  is  common  to  all 
manufacturing  pioocsscs  and  that  varialioD  was  the  primary  cause  for  r^ectloD  of  parts. 
Pans  were  rejected  upon  inspection  when  they  did  not  confonn  to  a redefined 
specificaiion.  Rejecdonincicsscs  the  cost  of  production.  Often, as  notcdpretdously.  100 
percent  inspection  is  excessively  costly  or  impiacticol,  thus  a defective  part  may  reach  a 


TARGET 


3.15  Develcniinoii  of  aieOutlitY  Cm  Model 
The  qualiry  chancierlsdcs  for  coQcreie  paveoiem.  STAR,  have  beenclassIHed 
earlier  b (his  chapKf  according  lo  iHcir  types  of  target  a.s  roMowstThccomptessive 
strength  of  concrete  as  larger-the-bctter;  the  pavement  thickness  as  le^'the-bctter,  the 


can  be  written  as  Hy).  The  loss  Uy)  can  be  expanded  by  a Taylor's  series  about  the  target 


T(jjj)  I I L"(yfl(y-m)'  ^ 


raise  or  lower  the  value  of‘y'.  Also  since  L&l  Is  a miaimum  at  y ■ m,  L'{in)  ” 0.  The  (y  • 


(3.30) 


Expressed  in  this  way  Uy)  is  Ihe  average  quality  loss  or  loss  per  pdece.  The 
quadratic  loss  Emetion  of  a nominal-the*be5i  quali^  characteristic  y around  the  larger 
value  m is  therefore  given  by  equation  3.31  below.  This  is  the  quadratic  loss  funclion  for 
nominabthe-beai  where 


(3.31) 

the  value  of  the  quality  chrtraetcrislicfe.g.  compressive 

sircngih,  smoothness,  etc,), 

the  loss  In  Sper  piece  of  product  when  the  quali^ 


characteristic  is  equal  to  *y\ 


the  propotliottality  constitnt  or  cost  coeflicient,  which 
depends  on  the  financial  criticality  of 'y'. 


i(y) 

(y-m)’ 


•bovc.  To  Kcoraplish  (his  gool,  in  Etample  used  by  Tsguchi,  and  Hsianj  |1M9) 
isadopied  and  summaiized  here.  Shin  neck  sizes  are  normally  rabriceied  in  Japan  at  lam 
intervals.  So  n peraon  with  a 40.5-cm  neck  size  U forced  w buy  a shirt  that  is  .5cm  too 


If  the  person  finds  a tight  shin  less  beanhie  than  a loose  one.  then  (he  tolerance  should  be 

7cm,  that  is,  if  they  represent  the  values  beyond  which  he  or  she  will  not  purchase  the 
shirt  To  grasp  the  functlonelity  of  the  coefficient  'k'  and  to  calculate  it  one  ueeds  to 


'1=4 


(3.32) 


The 


values  of  y,  repreeemeil  as  yt,  and  the  average  of  such  a sample  may  be  denoted  i . Of 


0.  The  average  quality  loss  can  be 


<3.33) 


The  term  in  brackets  (above)  is  the  average  of  all  the  values  of(y-m)'aitdia 
called  the  mean  squared  deviation  (MSD).  More  specifically  it  may  be  referred  to  as  the 
mean  squared  deviation  from  the  target  and  is  mathematically  equivalent  to 
substiuttrng 

• 


To  simpiuy  this  equallon  funher.  w add  imo  ihe  laji  equaiion  and  regroup  Iha 

terms  as  fbl]o%s«:  ^ 

MSD  = ^^'  -7myrm’ 

7>,‘  . 

» * - y*+y  -2rMy-rr»i* 


= 1 -P  W > -2mytm‘  ] 


y-mp 


= <r.”t[  (3.34) 

WhcreonlausuBJIycaUed  diepo/ur/or/ou  jrandorddevror/onand  (y  - oi)  is  the  bias  of 
the  sample  from  the  targeL  For  practical  reasons,  however,  Ob.|  U used.  It  is  usually  called 


substituting  [Aff£)], 


i(>)=/(  ff.'+fy-")'  ) (335) 

It  should  be  noted  that  the  quality'  loss  functioti  olways  detenttines  the  loss  per 
piece.  Therefore,  the  total  loss  can  be  calculated  simply  by  cnultiplymg  by'  the  lotal 
number  of  products. 


The  largeT'the'best  quaJil>  ] 


limolion,  the  Ifi^nihc'bcst  quality  loss  fuccrioD  cannot  take  a negative  value.  Zer- 


value  becomes  larger,  the  perfonni 


p5eudo-larger<ihe*betier  characteristic  and  tnay  be  regarded  as  a larger-lhe-better 
characteristic  for  most  practical  purposes.  The  largcr-the-besl  quali^  loss  function 
found  by  averaging  the  quality  loss  for  one  piece  (L  (y)=yi/y)’). 


:e  that  the  mean  squared  deviation  [MSD]  la  dependent  on  the  target  v 
tatscterisiie.  While  rMSD)  for  nominal-the-besi  and  smaller-the-best 
:a  can  be  calculated  relatively  easily,  calculation  of  [MSD]  for  the  larg 


h’-y)) 


m , ,3.38) 

',  and  f"  a»  the  ^ second  and  third  derivatives  of  f[y),  and  higher 
have  very  litde  sigojOcance.  The  equation  can  be  rewritten  as 


/(«>=/(«)*• /'Otxy-^tH/'tia 


The  expected  value  of  this  equetJon  Is 


(3.41) 


Since  the  expected  value  p)  is  zero  and  the  expected  value  of(p*  p)^  is 


I squared  deviabon  cart  he  written  as 


Thus,  the  quality  loss  liioetion  for  the  largeMhe-best  characteristic  can  be  written 


(3.42) 


In  cenain  simaiians,  deviuions  from  the  quality  characterlnlc  oomlfml*the‘beal 
niBybcdirrerenioQeithe;  side  of  iialolenutce.  To  such  cases,  an  asymmetric  DomIimi*the- 


bcstqunllty  loss  funetion  is  used  with  difTereot  costcoelHtdentshi  and  Xj.  So  Ihe  lolal 
quati^  loss  is  approximated  using  the  following  asymmetric  quality  loss  funclron; 

L(y)~X;(ym)’:>m  (3.43) 

See  Figure  3.12  for  graphs  of  quality  characteristics.  The  populadort  pararaeleis  ()i  and  tr) 


lit  the  subsequent  chapter,  the  quality  loss  functioo  for  the  nominal  type  of 
characteiisiic  is  used  In  developing  the  economic  model  for  the  optimum  sample  siae. 


Figure  3.12  Larger  (he  better,  Dafuiaai  the  best,  sat  alter  (be  better 


CHAPTER  4 


MODEUNG  THE  OPriMUM  ACCEPTANCE  PLAN 


maienols,  concepts,  and  techniques  Qint  the  researcher  found  indispensable  in  the  process 
of  developing  the  optimum  acceptance  sampiing  methodology,  which  is  the  primary 

characteristic  could  be  associated  with  some  function,  which  uniquely  relates  its 
economic  loss  to  its  deviation  from  largci  value.  The  conclusion  that  this  function  can 
cfTtciently  and  effectively  be  replaced  by  a quadratic  loss  fimctloo  constitutes  the  basis 

characteristics,  namely,  nomical'the'best,  the  )argcr'the*better  and  smaller  the  belter  were 
presented.  The  cost  model  derived  for  the  larger  the  better  was  ftrsl  used  to  develop  the 


this  approach  did  not  produce  the  intended  tesuii  in  spite  of  all  efforts.  Another  approach 
had  to  be  taken;  the  larger-tho-betler  model  imd  comments  are  available  in  appendix  A. 
The  researcher  concluded  that  Belavendrem's  [1995]  suggestion  that  the  quaiity  loss 


function  is  equal  to  kfMSD)  is  valid  only  in  situations  where  the  objective  is  parameter  or 


induslTy  hs5  demoRsuattd  Its  prefo 


npling  b>  variable 


cied.  Co 


*nK  decision  veriables  aie  Ihc  sample  size,  n,  upper  control  limit,  U,  and  lower 
control  limit,  L,  Ibr  the  sample  mean.  When  the  sample  incaoj  , based  upon  a sample 


size,  lies,  (as  deiemiined  by  hypothesis  lesUng)  betw  een  the  lower  end  upper  control 


clear.  Thai  is,  since  a lot  quality  is  measured  and  accepted  on  a lot  by  lot  basis,  the 
percent  defective  procedure  for  known  variance  provided  by  Liebermanand  ResnikofTis 
inadequate  when  between  lol  variation  la  a concern.  But  ifthc  highway  agencies  opted  to 
lake  foil  advantage  ofBt^esian  modeling  by  defining  a prior  distribution,  and  the 
variances  can  be  reasonably  eatimated,  then  the  model  presented  here  Is  quite  suRiciem. 


The  fust  cost  element  consideied  in  the  model  is  the  cost  ofjnspeaion,  which  it  includes 
two  coroponems.  The  fiist  is  unit  cost  of  sampling  inspecdori,  Ci.  which  includes  ell  direct 
costs  attributed  to  the  inspection  of  an  individual  sample  in  a lot,  Ihe  total  cost  of  this 
particular  component  is  a linear  fonedon  of  the  sample  size.  The  other  component  is  the 
fixed  Inspection  cost,  C,,  which  includes  all  direct  and  indirect  charges  thatieauli  fiom 
the  existence  of  sampling  inspections  that  arc  independent  of  the  sample  size,  ru 

The  second  cost  element  considered  is  the  cost  of  dccepronce.  To  the  highway 
agency,  this  is  the  most  imponant  of  oil  the  cost  components 


the  highway  agency  since  it  ocetux  aRcr  acceptance.  When  a production  lot  is  accepted, 
the  entire  lot  of  size  N h treated  as  being  of  suRIcienlly  high  quality  to  be  used  for  its 

defect  free.  Hence, 


rcosi,  and  uldmaiely  early  flnal  product  failure)  which  may  arise  when 


ThethiidCM(clcinCDti5tbccastE)f^«yecf/o/T.  When  a pioducllon  lot  is  rejecled 
as  a result  of  sampling  mspectjon,  the  lot  is  screeited  (le-iesied  tviih  addiiional  samples) 

rejected  are  replaced  at  a cost  Cp.  It  includes  all  charges  for  equipment,  labor,  and 


materials  necessary  to  replace  the  pavement-  As  well  as  all  costs  associated  with  the 


Schmidt,  Case,  and  Bennert  [1 9S0]  noted  that,  as  a result  of  sampling  inspection 


(I9S4),  Moskowitz  and  Tang  [1992];  nndTa£aras|1994I,  the  capected  cost  ofquaiity 
the  target  value  is  given  by  suntming  the  three  cost  components 

Expected  Total  Ccsis  oflnspection^  Expected  (Cost  oflnspeciion 'S  Cost  of  Accepting  a 
Defective  Lots-  Cost  ofRejcctingaOood  Lot) 


ETCi-ECi*ECA*ECR 


(4.1) 


where  the  inspeetion  cost  is 


and  the  vaii^le  cost  of  testing  an  ittdividual  unit  or  sample. 


Cost  oflaspection  V C«+Cui 


For  the  t»o*5ided  case,  the  probability  of  finding  a unit  which  coofomii  to  en  acceptable 
quality  level  wlthm  a lot  with  deviation  of  the  mean  p,  is  given  by  equation 


Conversely,  The  probability  ofCnding  a sublot  which  does  not  conform  to  the  acceptable 
quality  level  wthin  alotwilhdeWationofthe  mean  it,  and  is  however,  accepted  is  given 


Equadnos  4.3  and  4.4  provide  the  basis  for  probabilistic  formulation  of  the  cost  model 
using  a single  subloL  From  this  point  on,  the  lot  cveiage  shall  be  used  for  analysis  instead 
of  the  Individual  sublot.  This  U more  practical  sirtce  lots  me  accepted  based  on  average 
samples  taken  from  each  sublet.  Liebcrman  and  ResnjkofT[1955]  concluded  that  In  the 
case  ofknowa  variance,  the  sample  mean  is  a suECeient  statistic  fortheloL  Equation  4.3 


(4.3) 


(4.5) 


(4.6) 


Equation  4.5  end  4.6  give  the  probability  of  acceptance  and  the  probability  of  lejection  of 


by  Taguchi  (1994],  could  be  luied  lo  deiemiine  lh<  expecied  loss  in  qiuliiy  of  a pioduci 


£I*(x)]=  jg(xV{x)dx 


(4.7] 


itv)=A(AffiD) 


of  ils  target  value  p«ls 


(4.10) 


pven  lhal 


Ji(r)/(ilA)*  . i£(x>)  + cr’) 


C_,^\{^*a‘)PAM)HM)dM 


C^  - X j/i^ Pa(fi)h(ti)d/J  •*■  Xo^  jPa 


Tbe  pfOba]ily  dcDsit; 


probability  dUlribution  with  mean  >i  and  vorioncc  tr,  and  x I p),  which  has  been 
defined  os  Ihe  probability  density  function  the  sample  meam,  is  also  nonnal  with  mean  p 

?,Ctt)  = («4y-b]-/^cr)-«Ii-;/y^7m)  (4.i3) 

'“‘’W 


P,  = "jPai//)hl/j)d)j 


(4.15b) 


(4.15c) 


Use  equation  4.15c  for  the  one>slded  case  (L^U(n)).  The  total  cost  per  inspected  lot  for 
a given  sample  size  'n*  end  upper  and  letter  limits,  U,  and.  L.  respectively,  is  obiaioed 


£TC/(n.C/,i)-C,+C,+ 


£ra(<i.U(n))  = c,*c,n*c,  + A'^iD-"s.^-e,j(l-  J (4.l6e) 


Use  equation  4,16c  for  the  one-sided  case.  Tbe  expected  total  cost  pec  lot  in  the  case  of 


= ■*  j[ 

• a]Ii7' f v')h{Ji)iiM 


Since  the  expecled  value  of  |i,  E(^)=0  osingo^'^/D,  Oie 


(4.1  B) 


1.2  Model  QoliiriMlion 

and  minima  are  perfamed  on  the  objective  function  ofequBtionl.lh.  Through  this  step, 
the  minimum  coat  of  sampling,  the  optimum  sampie  size,  and  the  economic  tolerance  tviU 


Now  flubslilutirtg 


— I c,  0.  t A ^ i<r=P. -c 


" ^]«(J|a)«  = g{U\^)  * g(-t/l/0, 


]v’  1«(U|«)  ♦ gl-u\^)]iOS)d^ = 

]m'  '^W\u)  + C'l-SOb) 

'jl8(t'|rf+«(-t/|p)>0/)</>/=2»'(W)  (-1,21) 


jlg(U|p)  + g(-U]u)]KM)<llJ  = V(U) 


(4.21b) 


use  equation  4.20b  and  4.21b  for  die  one-sided  case  where  die  first  order  condition 


Then,  from  the  first  cider  condition,  the  optimum  U for  each  given  sampie  tunc  n can  be 
obtained. 


^ j|c.(n-rO)-(et£>+l)2iT’l:»i-rfl) 


The  second  derivative  ofETCI  (n,  U)with  respect  to  U is  as  foilows 


(4.22) 


4.3  Senritivirv  Analysis 


From  equation  4.22  an  imponani  boundary  condition  is  derived.  It  implies  that  if 


for  any  ^ven  sample  size  n the 
rather  than  use 


than  the  cost  orvaiiabilhy  of  the  lot,  then  the  boundary  condition  equation  given  above 
holds  for  every  sample  size  a,  and  the  optimal  decision  is  to  simply  reject  the  inspection 

expected  total  cost  ofacceptance  05  described  in  equations  4,19  and  4.18  respectively, 
if  equation  4.22  is  examined  funher,  seveml  intuitive  and  interesting  insights  can  be 
obtained.  Note  that  for  any  ^ven  sample  size  n,  U(n)  is  deereasing  in  o and  A arvd 

Each  of  the  patameiers  in  the  cost  model  does  play  a role  In  deltning  the  optimal 
acceptance  plan.  For  example,  if  the  itxed  cost  (cs)and  the  variable  cost  (Cl)  (when 

optimum  decision  might  be  to  accept  all  lots  without  sampling  inspection.  However,  if 


may  be  to  scieco  all  lots  rather  than  subject  them  to  sampling  inspection,  it  should  be 
completely  determine  the  optimum  policy  regarding  the  treatment  of  inspection  lots.  The 


COM  of  an  acc^ed  defect  can  be  quite  high  tending  to  indicate  that  the  lot  tthould  be 


iling  inspection.  But  if  the  variance  of  the  lot  mean  and 


the  variance  of  product  (very  stable  material]  dimension  nithin  a lot  are  quite  small,  the 
optimum  decision  may  be  to  invoke  a screening  or  scrapping  acceptance  sampling  plan  or 
to  accept  all  lolswiibout  Inspection.  It  folltma  lhalthc  likelihood  of  occurrence  of  a lot 

apply  a double  sampling  inspection  in  lieu  ofsciecning  Ibc  loL 

of  p.  lie  effect  on  the  relative  optimal  sampling  plan  is  very  important  and  should  be 
coiisideiad.  Forsmttli  values  ofD,  the  optimum  plan  lends  to  call  for  scrapping  rejected 
loin,  while  as  D increases  the  optimum  acceptance  sampling  plan  changes  to  one  calling 

ofD  imply  that  the  lot  mean,  p,  is  varying  significantly  horn  lot  to  lot.  Hence,  one  is 
likely  to  find  lots  vriiich  contain  a large  fraeilon  of  defective  products.  For  large  D,  the  lot 
mean,  p,  is  rather  stable  from  lot  to  lot.  In  that  case,  even  rejected  lots  are  not  likely  to 
contain  enough  defective  items  to  warrant  the  replacement  of  the  entire  lot. 


t In  equation  4.20  are  always  posiUve;  and  a solution  exist  If 


Ihen,  rejeclion  wiibotu  sampling  is  more  economical  than  any  sampling  plan.  La  the 
illustrative  example  it  will  be  assumed  that  c > 0 

Bath  the  cost  of  acceptance  and  the  coat  of  rejection  have  been  introduced  and 
defined  in  section  4.1.2.  it  is  fitting  at  this  point  10  revisit  these  defioidons  in  order  to 
generate  reasonable  values  to  be  used  in  ihe  example.  Crind  ere  the  cost  of  acceptance 
paiamcleis  respectively.  The  coal  ofrgeation  shall  be  considered  first.  Il  should  be  noted 
that  Intbe  development  of  the  cost  model,  the  lot  size  N was  assumed  lu  be  equal  to  one; 
therefore,  the  unit  cost  of  rejection  c,  and  C,  are  equivalom.  For  the  example  presented, 
the  eost  ofrejectinga  lot  wilt  be  assumed  to  be  Ihe  same  as  the  bid  price  for  Ihe  lot.  This 

mentioned  previously,  the  parameter  his  a product  of  life  cycle  anaiysis. 


in  this  section,  an  exampie  is  presented  in  order  to  evaluate  the  performance  of 
Ihe  cost  model  developed  in  this  dissertation,  in  the  example,  inferences  made  in  the 
theoretical  sensitivity  analysis  are  verified.  As  staled  earlier,  data  ^ora  the  New  Jemey 
Deparimeal  of  Transporiadon,  Law  En^oeerlng,  and  Performance  Relaied'Spccifxadons 
(1993]  ore  used  to  appruximate  the  standard  deviation,  c,  the  fixed  and  variable  cosia,  e,, 


dale  set  from  the  New  Jersey  Department  ofTronsportatioaia  available  in  appendix  C. 

ia  the  lesUag  phase.  The  parameter  >,  is  calculated  from  aoapproximaiedcostof 
tolerance  ofSlSOJXtO.OQ  per  lot  (estimated  from  ER£S  [1993a]  annua!  lifcc>xlc  cost 


with  this  magnitude  of  cot 


AQL).  It  should  be  noted  that  the  AQL  lahes  a different  mem 

in  chapter  three  (equation  3.32).  A quality  index  range  from; 
example.  Since  the  quality  Index  tables  provide  iodex  values 
interval,  the  upper  limit  oftheningc  is  multiply  by  one  hundi 

The  evaluation  process  involves  appraising  the  respoi 
of  pertinent  condidons  consistent  with  the  approach  token  in 


twsDty-fouT  is  providfd  for  boih  one-  andiwo-sidcd  lypeofquelhy  cheracterisiics. 

For  example,  B plan  wiih  a sample  size  of  ten  bos  an  opiimum  upper  or  lower 
Iimilor34S-6  psi  with  spiobabQlty  of  acceptance  of  0.9S3,  sod  onexpecied  total  cost  of 
iospectioo  S217,773,Q0fortbe  one  sided  case.  It  is  to  be  noted  that  for  the  one-sided  case 
the  optimum  limit  is  the  same  its  for  the  two-sided  case,  but  tbclr  probability  of 
accepiitfice  arc  different,  as  it  should  be.  The  probabiiity  ofaeceptoncefor  the  orte-sidcd 
CB3C  is  higher  and  the  expected  total  cost  of  inspection  is  lower.  For  tbe  same  sample  size 
this  will  always  be  the  case.  Note  that  for  these  rwenty-four  plans  a standard  deviation  of 
300  is  used.  It  can  be  observed  that  any  pian  in  that  table  with  a sample  size  smaller  than 
ten  is  more  expensive  and  required  a wader  tolerance  iimit.  Each  of  these  ttventy-lbur 

To  obtain  a global  optimum  plan,  a search  must  be  conducted  to  find  the 
combination  offtt,  U(n))  which  minimizes  ETCl.  A number  of  one  dimensional  search 
techniques  could  be  used  to  do  this.  In  this  essmplc  adirect  search  through  the  values 
generated  from  MalhCAD  was  used.  A U(n)  value  of  348.6  was  given  for  a semple  size 
oflen  considered  shove.  This  value  was  fixed  and  a search  was  conducted  ro  locate  the 
sample  size  that  minimized  ils  ETCl.  Table  4.2  shows  tbe  result  of  the  piocess.  The 

for  the  one  sided  case  Note  that  ETCl  values  constsntly  decrease  imiil  the  sample  size  is 
equal  twenty-five,  then  start  to  incresse  for  larger  sample  sizes.  It  can  be  concluded  that. 


Figure  ^2  sho\ve  i 


im  plan  approach  presenca 


designed  for  economy.  However,  a limlied  comparison  can  be  mnda  using  the  percent 
defective  and  quality  index  tables.  Graphs  of  specific  quality  index  levels  were  developed 


and  the  inferences  drawn  are  clearly  consistent  to  that  of  the  optimum  plans,  it  was 
observed  thaq  for  each  range  of  quality  levels,  Iheie  is  an  associated  desirable  sample 


sizes  are  needed  to  discriminate  good  product  from  bed  material.  The  most  important  fact 
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CHAPTbR5 

PAY-ADJUSTMENT 


;Co»i  PRS  Fcmulauan 


was  evident  in  the  last  chapter,  this  cisuld  only  have  been  done  thraugh  cost 
consideration.  This  efTcrt  wonld  have  been  futile  if  only  the  sample  rize  was  optimized. 
The  researcher  intends  to  revisit  this  subject  later  in  this  chapter, 

ER£S  consuiianis  [1993a,  1993b]  in  their  report  on  Performance-Related 
SpeciEeation  suggest  the  ^plication  of  the  life  cycle  cost  of  pavement  as  the  overall 

constructed  paventenis.  On  this  radmaiion  rests  the  validity  of  PRS.  Life  cycle  cost  in  the 
specification  consists  of  the  estimated  future  rehabilitation  costs,  user  costs,  end  salvage 
value  at  the  end  of  the  analysis  period,  and  is  expressed  In  lerms  of  present  worth  through 
the  use  of  a specified  discount  rale.  The  initial  construction  cost  is  not  included  since  it  is 
identical  to  both  the  as-designed  and  the  as-oonstrucicd  pavements. 

Theptyfhetot  is  calculated  by  coopering  the  difference  between  the  target  as- 
designed  lifecycle  costs  of  pavement  and  the  as-constructed  pavement  life  cycle  costs  in 
conjunction  with  the  bid  price.  A lower  lot  life  cycle  cost  indientes  nn  increase  In  quality. 

According  to  ER£S  [1993a]  in  the  pavement  design  permess,  the  deatgner  selects 
various  Inputs  to  develop  the  pavement  desigru  When  using  the  1986  AASKTO  guide, 

traflic,  initial  serviceability,  and  so  on.  The  guide  also  requites  an  overall  standard 


traffic  loading  and  the  error  associated  with  the  prediction  of  performance.  The  variations 


oulpul  is  the  mean  slab  thickness  recfuired  for  a selected  level  of  design  tcliability  and  is 
obtained  during  construction.  The  mean  concrete  strength  and  initial  serviceability  ate 
expected  to  be  obtained  during  consiruction  to  achieve  the  given  level  of  design 
reliability.  Thus,  when  using  the  AASHTO  guide  for  pavement  design,  the  mean  values 
used  for  inputs  and  the  output  thickness  are  spccifled  in  PR5  as  the  mean  quality 


achieved  by  the  contracior  in  order  to  receive  full  pay. 

The  pay  factor  proposed  in  PRS  is  expressed  as  a pereentage  of  the  bid  price  that 
ni.  It  is  calculated  as 


foilowsr 


(11) 


= Contractor's  bid  price  for  the  ion  S 
= LCCdes-LCC,„ 

■ As  designed  life  eycte  cost  for  the  lot,  S 
* As  constructed  lifecycle  cost  for  the  lot,  $ 


as  the  percentage  ofthe  lot  falling  above  the  mean  tai^l  asKlesigned  life  eyele  cost 
value.  The  life  cycle  cost  for  the  as.dcsigncd  pavement  is  computed  through  simulation 
using  the  target  values  for  strength,  thickness,  air  content,  and  roughness  [see  Figure  S.l). 


The  as^designed  life  cycle  is  estimated  by  simulating  at  least  one  hundred  lots.  The 


agency  uses  tbU  as-designed  lilc  cycle  target  value  to  compare  with  the  life  cycle 
computed  trom  the  ar-construcied  lot  life  cycle  cost  (see  Figure  2.2)  The  perceoi 
detective  of  the  es-consliucied  lot  is  defiaed  as  the  proportion  of  the  lot  having  a life 
cycle  os-constructed  greater  than  the  as-designed.  The  peiceni  defective.  Q,  is  calculated 


e= 


jLCC^-LCC„) 


(5.2) 


Here  S«m  is  the  standard  deviation  of  life  cycle  cost  between  as-constructed 

constructed  pavement  lot.  The  payment  to  the  contractor  is  adjusted  when  the  cortstructed 

contractor  constructs  a lot  that  has  a life  cycle  cost  that  exactly  equals  the  os-designed  life 
ve  full  pay  for  the 
es,  the  contractor  bid  will  be 


es-dcsigned  life  cycle  cost,  Iht 


is  ■ positive  adjusunenl.  Conversely  if  as-constructed 


Figure  S.l  PRS procedures  for  estimsdon  or«5'designcd  lifecycle  (oieanLCCea 


Figuie  S.2  PRS  procedures  for esiimedon  ofu-construcied  lifecycle 


chapter  is  siiongiy  depeodcpt  upon  the  eccurate  assessment  of  its  cost  compoitems  and 
cost  parameters.  BAE5  computer  program  Pave-Spec  appears  to  possess  the  capability  to 
maice  reliable  estimations  of  life  cycle  cost  of  pavement  for  any  ipvcn  analytds  period 


Simulaiion  Loop 


Figure  5.3  proposed  procedures  for  esiirnerion  of  as-designed  iife<ycle  (mean 
LCCss  from  simulation  with  target  S,  T.  A,  anti  R) 


c,is  ihecostofrejectixigalat.  The  reseurcher  only  provides  concepts  and  guidelines  for 
the  compuiarioo  of  ‘h'tkodc,.  It  la  expected  that  each  agency  will  establish  the  proper 


baieocing  of  the  cost  components  that  yield  a ‘h*  and  c,  that  beat  suit  their  sirvialioiL 
The  Taguctii  loss  fimcdon  quantiiles  the  variabiiity  in  a produa  or  process. 


lie  within  the  specificalioit  limits,  the  pavement  should  be  replaced.  This  follows  the 
presumption  that  the  speciheations  are  related  to  the  reliability  of  the  pavement.  Heocc, 
as  the  specification  limits  are  approached,  the  pavement  is  less  iiitely  to  perform 


form  of  excessive  cost  of  rehabilitation.  rc| 


cost  at  the  rejectable  quality  level  (RQL)  to  the  square  of  width  of  the  specification  limiL 
The  resulting  ‘h'  is  term  of  cost  per  square  unit  of  variability. 


5.4  Proposed  Method  for  Calculatine  Pay  Factor 
Another  useful  poieniial  application  of  the  quadratic  loss  function  is  the  area  of 


dissertation  lo  account  for  loss  in  quality.  Aod  the  quality  loss  ia  expressed  ia  terms  of 
life  cycle  cost;  hence,  it  is  fiTting  to  use  the  same  approach  to  determine  the  appropriate 
lor  is  simply  the  product  of  the  life  cycle  cost 


per  square  unit  of  variahility  measured  in  Che  as-constructed  product. 


The  quality  index  is  prebablyibc  best  method  ofdetermlniitg  the  quality 
delivered.  As  in  the  example,  the  quality  index  is  used  in  developing  the  pay  factor. 
Assume  a target  quality  index  value  that  would  received  one  hundred  percent  pay,  say  3, 

^o(ioo(ef,-e/.)y 


G“  Weight  factor  to  be  determined  by  the  agency 
QIt*  Target  quality  index 
Qlo=  Quality  index  delivered 
L * Lot  life  cycle  cost  foctor  per  square  unit  quali^ 
Bid  price  (S) 


5.5  Bonuses 


Many  stares  have  included  In  their  construction  ccntrect  package  some  form  of 


officials,  and  the  prevailing  attitude  supports  or  even  assures  its  survival.  Weed  [1996] 
concluded  that  an  incentive  in  the  form  of  a bonus  is  cost-beoeCcial  and  is  in  the  public 
interest,  in  addition  to  positive  psychological  benefit. 


ed  is  generally  quality  paid  Ton  and 
that  there  is  no  ethicel  merit  in  attaching  a bonus  directly  loa  piojecL  The  concept  of  a 
market  economy  where  compeiiuon  is  the  driving  force  should  be  as  valid  and  applicable 
in  the  highway  construction  industry  os  it  is  for  the  rest  of  the  countiy.  There  ere  several 


reasons  why  the  researcher  opposes  such  praciice.  Consider  a few  ofrhem.  h encourages 
subminal  of  unbalanced  bids  In  that  the  contraciors  eapect  to  improve  their  profit  margin 
in  terms  ofbomises.  It  is  almost  impossible  for  a comiactor  to  conaLstenily  produce  a 
product  of  higher  quality  than  expected  at  no  con.  Consequently  this  added  cost  should 
hove  been  reflected  In  the  bid.  For  example,  If  a contractor  develops  a design  mix  capable 
of  reaching  high  strength  at  a lower  cost  than  his  or  her  competitors,  then  this  fact  should 
only  Increase  his  or  bar  probabllily  of  winning  the  next  job  through  a solid  lower  bid.  The 
construction  industry  should  not  be  isolated  m its  business  practice  from  the  rest  of  the 
country,  h Is  a known  fact  that  government  contracts  ate  usually  more  financ  [ally 


hinction,  which  asserts  that  any  deviation  from  targci  value  incurs  a loss  lo  socie^,  such 
loss  mlher  borne  by  the  contractor  or  by  the  highway  agency,  provide  no  flexibility  for 


bonuses  at  all,  Iheie  should  also  be  a change  in  its  governing  philosophy.  In  a nutshell, 
bonuses  should  be  the  result  of  continued  high  perfomiBnce  on  the  parr  of  the  conuactor 


CHAPTER  6 


6.1  Reseairh  Summary 

In  this  section,  the  research  rcponed  in  thi.s  dissertaiion  is  wnun 
invesiigallcn  of  the  concept  of  an  optinal  sampling  plan  {optimum  sain 

but  Ihey  must  be  integmietl  in  the  solution.  The  classical  stahsiical  app 


programming  leehniqu 


cspMiAlly  tbe  cost  of  rejection.  The  fixed  aod  varieble  coet  of  sampling  did  not  greatly 
reported).  The  research  repotted  that  this  was  doe  to  disproportionately  Urge  cost  of 

Throughout  the  research  Taguchi's  apptoach  to  quality  control  is  evident  and  the 
meiil  ofhis  methods  arc  discussed.  Thequadraric  loss  function  was  also  used  to  develop 
a pay-adjustment  factor. 


rly  gauged  by  iu 


The  focus  on  achieving  ofquaii^  musibe  on  biegratedin  Ihc  design  process. 
This  requires  ihe  applioaiion  nfpararnelerdcecgn  techniques  that  wQi  assist  in 
selecting  and  evaluating  the  quality  chomcienstics  for  sritobility.  There  must 

criteria  that  they  are  intended  to  represent. 

models  of  quality  cherucicrirrtics  should  be  used,  and  optimum  levels  should 
he  diould  he  sought  The  selected  optimum  design  must  hove  the  lowest  life 
cycle  cost. 


The  percent  defective  method  was  found  not  to  be  os  good  a yordsdclc  to 
measure  quality  as  previously  thought;  this  position  taken  by  the  lesearchct  in 


and  a variability  coniroi  mechanism  (e.g..  standard  deviation)  is  a better 
quality  measure. 


quadratic  loss  foncilon.  Where,  X,  the  coat  coefneiem,  is  derived  in  terms  of 


6.  In  ihis  dissenaiion,  four  Types  ofuugeisuvrtidentiRed.  Esch  largci  type 
deviation  from  target  value.  They  are  as  follows;  large  the  barret;  smaller  the 


better,  nominal  the  best;  ar 


considers  all  relevant  cost  components,  namely  the  cost  of  inspection,  the  cost 
of  acceptance,  and  the  cost  of  rejection.  Tbe  model  reflects  the  probabilistic 

inspection  Is  nrprescnicd  in  terms  of  fixed  and  variable  costs. 

The  model  was  developed  within  n bayesian  framework,  as 


. Tbe  model  followed  this  basic  structure  presented  by  Mace  in 


To  yield 


C(a) 


the  sample  sice. 


9.  Infei 


rences  drawn  from  sensitivity  analyses  suggest  that  a fixed  sample  size  of 
five,  as  is  commonly  used  is  practice  is  not  sufficiertt  to  properly  discrirrrljiBte 
among  good  or  bad  concrete  pavement  prodirct. 


6.3  Coacluding  Remarks 

In  this  senton  some  of  the  observations  made  m the  course  of  this  research  U 


discussed.  The  research  reports  the  ability  of  the  model  Ur  determine  Ihe  optimum  sample 
size  for  the  purpose  ofconcrere  pavemeol  acceptance.  In  fact  the  model  can  only  assist 


6.4  Rkoih 


ifcrFuiure  Reiorch 


The  researcher  reeonuncnds  lhai  FHWA  aclively  puisuil  madiReaiions  la  curteni 
quality  conirol  phiiosophy.  The  methods  end  ideas  suggested  In  this  dissenaiioD  ean 
serve  as  a stoiing  poiiU-  The  inclusion  ofa  parnmeier-dcsign  step  in  their  current  design 


model,  efTorts  toward  refioiag  the  n 
unknown  could  prodnee  worthwhile  results. 

There  is  a need  for  developing  relative  weight  factors  for  each  quality 
characteristic  since  the  impact  of  each  on  the  performance  of  the  pavement  is  difTerent.  A 

perfomtance,  which  includes  the  durability  of  the  product,  should  he  pursued. 


APPENDIX  A 

MATHEMATICAL  SOLUTIONS 


Modeling  Ihe  Oalimiiin  Sampling  Plan 
1 the  Uraet  Ihe  Benef  Onelilv  Cosi  Funcliu 


ETa(/i,U)-C,*C^tC, 

C • Cj  ♦ nC, 

C..(N  - n)C,  - (N  - n)C,  ]p.(p)K,i)* 

(p,{/,]h(^).<g= - I ^ 

C.  « (N  - n)i]^^^l+^]pff(d)K»)“'/' 

= (N  - n)i  {^-^o{dy(;/)4;  t (N  - n)i  3<r'  £^Po(«]h(/i)d'>( 


Given  thal 


C.{/.)=N[i:*(x)/(e,;,))pnO,) 
[;_s(x)/(x,x,)A=  £^[[+  5^] 


ETa(n,>/)=  C,  t «'+-^pf  » * 


Taluog  ejcpectfllim  wilh  respea  W {lO 


It  is  knovm  that  fix,  u)  is  normal  tvith  mean  (p)  and  variancelo^ 


For  standard  noimal  dlstributiOD 
9 = nif 

ETCA  =N£[£s(j)/(x,><)<it|<^)* 


Now  compute  — ETCt(/i,>t) 

. 4 »C,  + (N  - n)C,  * (N  - n)i  £,^PoO.X;-)t(»| 

-3o’(N  - n)l  J^^Pn(AXH)rf,u  -(N  - n)C.Po 
= (N  - n)i£^^(PoOi))t<;i)rf^ 

*3t.’(N  - n)J  £^^(P£tO,)Xv)<<»  -(N  - 


A solulion  tn  a first  derivative  test  that  is  greater  than  zero,  as  it  has  been  obtained  in  this 
case,  indicated  that  there  is  no  maximum  or  minimum  point 


U=  fii'PoOiifK")* 


(I)  0) 


{I)  = ^MX  + USA)  vvhcreX.N  B,— Lu. 


(l)f«'[^V:]|»(^)rf/;  = P(X*US^) 


• Jjit  * L 


'intOTo' 


sututinilc  A by  U and  - U 


\lj'ft{li)\iji)dli 


ct’/(n.O) 


g[-:/|rt/i(A)”»^w)*-Cu) 


>1  = 

= Jl/(t/)ai  + (jl)«<«+ 


For  the  one-sided  case 
J, 

L("*w  "■‘flj 
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APPENDIX  B 

NOTES  ON  PARAMETER  AND  TOLERANCE  DESIGN 

developm<QT  of  cpiimal  pavement  design  ean  be  made  poaeible.  The  achievement  of 
optimal  pavement  design  will  in  turn  jusiiiy  the  need  for  optimum  acceptance  plans. 

Also  this  chapter  concerns  ptobably  the  largest  eonlribution  to  quality 
methodology  that  Tagtichi  has  made,  according  to  Phillip  J Ross  |l»d].  Liiemtuies  have 


The  researcher  believes  that,  although  it  is  very  important  to  quantity'  product  variabilities 


'liminated  without 


1u  objective  is  to  improve  quality  without  comrolliog  or  elitnioaiing  causes  of  voriation. 
This  is  Q fundamemol  departure  from  the  ourrcni  philosophy  in  \1^r  in  the  highway 


Taguchi.  as  was  explained  earlier  in  this  research,  views  the  design  of  a product  or 
process  as  o three-phase  program. 


riliUK  8.)  shows  those  steps  in  a flow  chan  for  quality  engineering  optimizatioii.  It  is 
Ihb  complete  and  integrated  cycle  focus  on  achieWng  quaiity  that  the  researcher  is 
proposing  in  this  lesearch.  in  the  System  design  phase  new  concepts,  ideas,  methods,  etc., 
ore  generated  to  provide  new  or  improved  products  to 


of  a product  or  process  design  arc  set  to  make  the  performance  less  sensitive  to  causes  of 
vnriation;  that  is,  these  functional  characteristics  are  sec  at  optimal  levels.  The  tolerance 
design  phase  focuses  on  itnpioving  quality  at  a minitnal  cost. ' 

nomtally  done  after  Che  patamcler  de 
very  important  step  that  current  methodology  lacks. 

Typically,  when  a problem  is  detected  In  product  development,  an  engineer  may 

reduced  and  quality  improved.  However,  tightening  tolerances  may  be  expensive  and 
completely  unnecessary  If  panmeter  design  weia  used  first.  Taguchi  cautioned  designers 


Quality  cugineenng 


Figure  B.l.  The  three  ! 


To  begin  the  discussion  on  peremeter  design,  one  must  considei  t^pcs  of  design 
end  desttiopmem  raciurs.  Tiguchi  separates  factors  into  ttvo  main  groups:  control  raciots 


contractor-client  relation^p  that  exists  in  the  highway  industry  is  somewhat  difTercnt 
irtaiiitains  that  the  product  design  process  in  both  cases  is  fundamentatly  the  same.  An 

Noise  lectors  are  those  over  which  the  monufacturer  has  no  direct  controi  but  which  vary 


Noise  factors  can  be  placed  in  three  categories: 
I.  Outer  noise 


3.  Between  product  noise 


production  process.  Inner  noises  are  function  and  lime-related,  such  as  deterioration, 
wear,  fade  of  color,  shrinkage,  and  drying  out.  Outer  noises  produce  vnriarion  from 


oui^de  the  product;  inner  noises  produce  variation  from  inside  or  within  the  product;  and 
product  noise  manifests  itself  in  pan-io-pan  variation.  Taguehi  indicated  that  products 


may  have  aenailiWty  to  all  thme  forms  of  itoise  sitrultartvously.  The  design  quality  of  a 
product  or  process  provides  less  furtciionai  varUdoo  due  to  outer  or  inner  noise. 

a target  value.  Taguchi  refers  to  design  quality  efforts  as  offline  quality  crmtml  and 
production  quality  efforts  as  on-line  quality  control.  Figure  cop  shows  types  of  noises 

with  them.  Offliine  quality  control  is  arty  of  the  design  and  development  aedvities  that 
may  lake  place  before  products  are  otanuiaocured  and  available  to  customers.  When 

course,  the  on*Unc  activity  must  be  well  planned  before  the  stun  of  production.  The  loss 


iW  = *lS,'  + (y-» r)’l 

The  variBnee  Sr'  is  mduced  and  ihe  larger  value  m detennined  during  the  cffl-line  phase. 

centrol  chart  is  to  provide  the  proper,  close-to-the.targeq  average  value  from  a process. 
Incidental  or  special  cauaea  of  variation  may  be  identified  and  controlled  or  eliminalod, 


efflons.  The  more  off.line  quality  conuol  work  done,  the  more  robust  a process  or  product 


society  u the  loss  function  there  must  be  reduced  vnriaiice  (off-line  ctuelity  controi  svork) 
end  tut  average  near  the  target  vaiue  (on-line  quality  control  work). 

Figure  B.3  shoue  the  contribution  of  noises  factors  to  deviation  of  product 
functional  characteristics  from  target  value,  PoraineieT  deugn  is  used  to  dampen  the 
e^eci  of  Tvoise  (reduce  variance)  by  choosing  the  proper  or  opGotal  level  for  control 
raotom.  Parameter  design  is  used  to  improve  quality  without  comrolliog  or  removing  the 
cause  of  variation,  to  make  the  product  robust,  that  is,  Insensitive  against  noise  factors. 
Taguchl  uses  tolerance  design  is  used  to  reduce  the  vaiialion  by  tightening  tolerances 
around  the  chosen  target  value  of  the  control  factors.  Tolenincc  design  reduces  or 
eliminates  the  effect  of  causes  of  variation.  By  using  parameiar  and  tolerance  design,  the 
true  critical  chiuaciurisiics  (control  factors)  can  be  idealised  and  minimized  in  number. 


true  control  factors  and  very  little  emphasis  c 


rs.  Primarily,  noise  factors 


! used  in  experiments  to  expose  the  robusl  levels  of  the  control  factors. 


Loss  io  the ; 


The  reeearcher  is  of  the  opinion  thot  the  higbwny  industiy  would  greatly  benefu  if  it 
would  explore  further  these  ideas  artd  methods  discussed  here. 

Id  uaditlonal  siatislicai  tetms.  control  and  noise  faciom  are  also  generally 

have  specific  values  selected  for  their  levels  in  a designed  experiment,  while  landom 
factors  are  those  that  have  levels  which  are  randomly  determined,  such  as  difTercni  open- 

It  is  believed  that  parameter  design  is  not  a difliculi  concept  to  understand  or 
nature  of  the  highway  industry  makes  it  suitable  for  this  rype  of  technique  The  hi^wey 


In  many  experimems  the  quality  characteristic  has  a specific  value  to  be 


Oblective  Funciiona  in  Robust  design  and  Slinul  m Ni,i<«  R.iio 


in  robust  design  is  presented.  These  are 


in  parameter 


n,  however  this  is  not  possible  within  the 


minimizing  the  pavement  suibce  roughness 


Such  cxperimeuis  art  ftcquenlly  called  muld-fectore 


eapcrimcols.  The  fonnutae  toi  signal  lo  noise  redo  arc  design  so  thai  an  aperimemer  can 
always  seleci  the  laegesi  facior  level  seaing  lo  opilmhe  the  qualliy  chancieristic  of  an 


characierlsdc. 


RESPONSE  CY) 


CONTROL 

FACTORSIZ) 


SCALLING 
FACTORS  ® 


Such  « messuremern  without  adjusiio*  the  mean  vii)iK(J)  to  the  urgei  value(iii)  la 
influenced  not  oBly  by  the  sensitivity  to  uoise  (o’)  but  by  Ihe  deviation  ( y-in)  on  the 
target  value  Consequemiy  one  risks  the  possibility  of  not  chooslug  Ihe  factors  levei  that 
minimizes  sensilivliy  to  uoise. 

Taguchi  provide  a malhemaiicai  model  for  robust  de«gn  experiment  with  the 
various  paramcteis  a^bciing  the  response  as  shown  in  figure  B.4, 


(scaling)  R.  In  reality  the  function  may  be  regarded  as  consisting  of  two  pans  that  was 
defioed  earlier  as  the  unpredictable  part  and  the  unpredictable  pair. 

The  predictable  pan  g (M^,R)  is  referred  to  as  Ihe  agnal,  and  the  mipitdlclable  pan  e 
(XJvi.Z.R) 

So  the  equadou  can  be  rewritten  aa 


When  all  the  linear  leiallonship  b desired  between  y and  M,  g(M^R)  must  be  a linear 
function 

with  all  the  non-linear  effects  included  ht  e.  The  eflcct  of  all  the  noise  factors  b mcluded 
in  e(X,M.Z,R}.  The  olqecdve  of  robust  desigu  is  to 


y^nX.M.Z.t.) 


(B.1) 


is  a function  of  (noise)  X (»gnal)  M,  (control)  Z.  and 


Jt-g(iW.Z.R)te(X,M,Z,R) 


(B.2) 


that  qualit 


prediciable  pin  and  minlmlae  ibc  uni 
n be  evaluated  by  Ihc  defituiien  given. 


1.  Taguehi  suggests 


Oie  predictable 


i?  = -10log„IAffiD) 


Tbe  signal  u noise  nilo  also  has  a defuiie  advanlsgc  over  the  mean  squared 
deviation.  When  the  laigel  value  is  changed,  the  optimum  conditions  obtained  by 


zing  the  signal  i 


However  the  same  cannot  be  said  of  using  the  mean  squared  devtalion  from  target  as  the 
objeaive  function.  Tbe  optimization  would  have  to  be  performed  again. 

For  nomlnal-ihe-besl  characteristics,  the  problem  of  mtnimlaiiig  the  variance 
while  keeping  the  mean  on  target  is  a problem  of  constrained  optimization.  By  usmg  the 
signal  to  noise  ratio,  the  problem  can  be  convened  into  an  unconstrained  optimization 
problem  that  is  much  earier  to  solve.  The  property  of  unoonsirained  optimization  is  the 
basis  for  one’s  ability  to  separate  the  actions  for  minimizing  sensitivity  to  noise  factors 
and  the  adjusiment  of  the  mean  on  target.  The  signal  to  noise  ratio  is  thus  a very  useful 
way  of  evalunting  the  quality  of  a process  or  producL  This  ratio  measures  the  level  of 
performance  against  the  level  of  noise  factors  on  perfbrmanee.  It  is  an  evaluation  of  the 
stability  of  the  performance  of  an  output  characteristic. 

Better  performance,  as  measunrd  by  a hi^  signal  to  noise  ratio.  impUes  a smaller 
loss  than  that  measured  by  the  cotrespoading  quality  loss  function.  Like  ihe  quality  loss 
function,  the  signal  to  noise  ratio  is  an  objective  function  of  quality  that  takes  both  Ibe 
effects  of  the  mean  and  the  variation  into  account.  Finding  the  correct  objecilve  function 
to  maaimia  in  an  engineering  derngn  problem  is  very  important.  Failure  to  do  so  can  lead 
to  inefficiencies  in  experimentation  and  even  vpTong  conclusions  about  optimum  levels. 
The  task  of  finding  what  adjustments  are  meaningful  in  a particular  problem  and 
deietmining  Ihe  correct  oyective  funmion  (or  the  signal  to  noise  ratio)  is  not  always  easy. 
The  signal  to  noise  ratios  for  two  functional  characteristics  smaller-the-bctter  and  larger- 
tbe-bener  are  developed  below: 


Here,  the  quality  characierislic  is  continmjus  and  non-negative,  that  is,  it  can  lake  any 
value  &om  0 to  «.  Its  most  desired  value  is  zeio.  These  problems  are  charaetcriaed  by  the 
absence  of  a scaling  factor  or  any  other  adjustment  factor.  Surface  roughness  Is  an 
example  ofthis  type  of  problem. 

Another  esamplc  of  a stnaller-the-becter  type  problem  is  the  pollution  from  a 
power  plant.  We  can  reduce  the  total  poUuiania  emitted  by  reducing  the  power  output  of 
the  plant  However,  reducing  pollution  by  redudng  power  consumption  does  not  signify 
any  quality  improvement  for  the  power  plant  Hence,  it  is  iiuppropriaie  to  think  of  the 
power  output  as  an  adjustment  factor.  In  fact  the  pollution  per  psgawait-hout  of  power 
output  as  Ihe  quality  cbaraeierislic  to  be  improved  should  be  considered  instead  of  the 
pollution  Itself. 

Additional  examples  of  smallet-lhe-bener  type  problems  are  electromagnetic 


corrosion  of  metals.  Because  there  is  no  adjustment  factor  in  these  problems,  the  quality 
loss  without  adjustment  should  simply  be  minimized,  that  Is,  minimize 


Minimizing  qunlity  loss  equivalent  to  maximizing  Ihe  signal  to  noise  taiio.ri,  defined  by 
the  equation  <B.8)  Nole  that  qdoBs  not  depend  on  the  cost  eoefliciem  A Al»,  since  the 


' current  in  iniegiaied  circuits  and 


iosswAlAdSO] 


(B.7) 


signiil  factor  is  6 consUEnL  and  the  target  value  is  equal  to  zero,  q merely  measures  the 
elTect  of  noise. 


con  t^  any  value  from  0 to  co.  Its  larget  value  Is  iioii*zero  and,  ideally,  as  large  as 
possible.  These  problems  are  also  characterized  by  the  absence  of  a scaliog  factor  or  any 
other  adjustment  factor.  Eatamples  of  such  problems  arc  the  mechanical  strength  of  a wire 
per  unit  croasseciion  area  and  the  fuel  efficiency  of  an  auiomobDe.  These  prohlem.s  can 
be  transformed  into  smal)er*the-becier  type  problems  by  considering  the  reciprocal 


rj  = -IOIc«„|Mff>1 


»-101og„[(7’+J!’] 


(B.8) 


Sianal  to 


(inverse)  of  the  quality  characteristic.  That  U,  if  y is  a larger-thc-beticr 


chaiacierislic,  ihcn  laking  the  reciprocal  (i/y)  uansfbrms  lie  qualiiy  ctaracierislic  into  a 
smollei-thfi-beiter  cliBracieriatic.  The  objective  function  to  be  maximized  in  this  case  is 
^ven  by; 

And  the  correapondbg  loss  to  society  la 


quality  loss.  So  when  comparing  the  loss  to  society  nt  the  optimum  condition  to  tiic 
existing  condition  one  needs  tn  computt  only  the  loss  per  unit  at  the  optimum  with  the 
loss  per  trail  at  the  existing  conthlion.  This  is  because  the  loss  to  society  is  the  aggregote 
loss  of  the  loss  per  unit  and  can  be  calculated  from  the  product  of  the  loss  per  unit  and  Ihe 
total  number  of  units.  The  difference  in  loss  per  unit  between  the  optimum  condition  and 
the  existing  condition  is  (he  gain  in  loss  per  piece. 


This  brief  discussion  on  concrete  strength  in  this  section  is  important  because  it  is 
the  strength  of  concrete  of  concrete  that  is  used  to  several  performnnee  characteristics  of 
Ponland  cement  coacreie.  Even  though  the  direct  relationship  between  and  the  dunihility 
and  strength  of  concrete  has  not  been  established.  This  conclusion  is  support  by  Weed 
[1996)  in  his  manual  title  'Managing  for  Quality’,  Strength  of  concrete  is  commonly 
considered  to  be  its  most  valu^le  property,  olihoogh  in  many  practical  cases  olhei 
cbaracieristlcs,  such  es  durability,  permeability  and  volume  stability  may  in  fact  be  more 


£oss  = ^[A£SO) 


Canainly.  there  exists  a relationship  betsveen  Ihe  signal  to  noise 


itrponanL  Howtver,  slrenglli  usually  gives  an  overall  picture  of  ihe  quality  of  the 
cotxrete  because  it  is  directly  related  to  Ihesmiclureoftbe  cetneni  paste. 

It  is  also  shown  that  eoecrcte  mixtures  with  equal  compressive  strengths  do  not 
necessarily  produce  equal  levels  of  permeability,  especially  whenyfy  as<i  ond silica ^tne 
are  included  in  the  mixture.  This  lack  of  correlation  continues  until  the  strength  reaches 
about  S.OOO  psi.  At  and  beyond  8,000  psl,  a tvelbdefltved  trend  is  observed. 

ChirabUity  is  belter  evaluated  from  permeability  and  strength  tests  than  from  a 
strength  rest  alone.  Resistance  to  freezing  and  thawing  is  another  Indication  of  durability. 
However  a freeze-thaw  test  of  concrete  it's  not  considered  in  Florida.  Bloomquist  and 
Annaghani  [1994]  in  iheir  research  on  concrete  DutablHcy  in  Florida,  hnve  concluded 
that  Durability  is  greatly  influenced  fay  concrete  permeabiliry.  Many  mixtures,  designed 
with  widely  different  materials  and  mixture  proportions,  cao  produce  concrete  with  equal 
BirecgOi  but  different  permeability  levels.  Concielc  that  meets  only  the  strength 
requirement  may  W1  to  develop  the  expected  duiabilicy  if  the  permeability  is  high.  The 
goal  is  to  develop  specificalions  for  testing  and  classi^dng  durability  of  concrete  using 
darn  ralaicd  to  aggressiveness  of  Ihc  envlronmems.  Thus  when  structures  in  aggressive 
eiTvijonments  (such  as  sea  water)  are  considered,  empha^  is  plsced  ml  only  on 
achieving  a concrete  with  optimum  strength  but  also,  srtd  mote  important,  on  ensuring  a 
highly  durable  concrete.  In  these  situaiions  testing  for  artd  evaluating  concrete  durability 
become  equally  and  sometimes  mote  imponani  than  testing  for  strength  the  quality  loss 
fiutciion  introduced  in  this  chapter  is  discussed  in  detail  if  ihe  next  chapter.  The 
assumptions,  which  underlie  its  development,  are  imponam  to  the  extent  that  they 
enhance  understanding  of  the  intended  puipose  of  such  loss  fonction. 
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